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Flue Gas Desulfurization sludge (FGD, CaSO4·2H2O, CaSO3·1/2H2O) is a waste by-
product produced when sorbent slurry is passed through wet scrubbers. FGD contains higher 
concentrations of Ca, S, Si, Fe, Al and Br making it of great environmental concern. Presently 
only 16% of 24 million metric tons (MT) of FGD sludge produced is being recycled; the rest is 
disposed in landfills. This research was focused towards stabilizing FGD sludge with Portland 
Type II cement and Class C fly ash to produce lightweight fill material to be used in the 
construction of coastal devices. The specific objectives included the development of a FGD 
briquette composition that under submerged conditions: 1) maintained physical integrity, 2) has 
minimal dissolution of Ca2+ and SO42- to the surroundings 3) demonstrates acceptable 
engineering properties of a fill material and 4) economical   to fabricate.  
The leaching behavior of all the FGD composites was found to be similar and the 
effective diffusion coefficients from the 77-day dynamic leaching test ranged 4.87–7.01 x 10-13 
m2·s-1and 0.67– 3.71 x 10-13 m2·s-1, for calcium and sulfate respectively. The metal 
concentrations in the TCLP leachate were well below the USEPA toxicity characteristics limits. 
The engineering properties test results indicated that the composite material could be classified 
as well-graded gravel or well-graded sand with little or no fines. The USCS classification would 
also qualify FGD briquettes as a potential fill material in embankment construction having 
excellent workability and shear angle of 48° to 49°. For all the tests conducted the 63%:35%:2% 
briquette fabricated in small size performed better than the large size briquette.  
Among the selected four 77%: 20%: 03%, 69%: 30%:01%, 67%: 30%:03%. and 64%: 
35%: 1% FGD: Class C fly ash: Portland Type II cement composites the 77%: 20%: 3% FGD: 
Class C fly ash composite showed promising results with lowest diffusion coefficients for Ca2+, 
 xi
SO42-, no signs of degradation after eight months of field submergence and lowest production 
cost of $11.35·ton-1 (year 2003).  
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CHAPTER 1: GLOBAL INTRODUCTION    
Coal burning utilities are the major source of electricity production in the United States 
(USGS, 2001a). In the process of generating electricity, these facilities contribute to air pollution 
and produce tons of industrial solid waste. The U.S. Congress passed the Clean Air Act (1970) to 
place stringent constraints on the emissions from coal burning facilities. The USEPA, in 1977 
and 1979, set up national ambient emission control standards and new source performance 
standards for six criteria pollutants, carbon monoxide (CO), particulate matter (PM), lead (Pb), 
nitrogen oxide (NOx), ozone (O3) and sulfur dioxide (SO2).  
As a result of tightened emission controls, SO2 emissions have declined by 24% in the 
past two decades (USGS, 2001a). This improvement in air quality occurred simultaneously as 
coal consumption by the electric utilities was up by 180%.  The Clean Air Act Amendments 
(CAAA) of 1990 mandated nationwide SO2 emissions to be reduced to 8.2 million metric tons 
(MT) annually (CAAA 1990, Public Law 101-549). Additionally, throughout the world, 
environmental regulations have become more and more restrictive towards the emissions of 
atmospheric pollution produced by combustion systems (Ibanez et al., 1998). Thus, many 
environmental control technologies have been adopted by power plants to reduce emission of 
greenhouse gases. Scrubber units, which can absorb 90-95% of SO2 prior to discharge into the 
atmosphere, have been employed to reduce SO2 emissions (Kalyoncu, 2000). While these 
scrubber units reduce atmospheric emissions, they produce a large quantity of solid waste 
byproduct, which must be addressed. 
1.1 Flue Gas Desulfurization Process and Production of FGD Sludge  
 
The inorganic residues that remain after pulverized coal is burned are called Coal 
Combustion Products (CCPs). CCPs consist of 58% fly ash, 24% flue gas desulfurization (FGD) 
sludge, 16% boiler slag and 3% bottom ash (USGS, 2001a). Flue gas desulfurization refers to 
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any process that absorbs gaseous SO2 from the flue gas to produce solid sulfur compounds, 
which are collected for safe disposal or beneficial use. In the year 2000, electric utilities burned 
approximately 891.4 MT of coal, which generated 98 MT of CCPs (EIA, 2001).  
Desulfurization can be achieved by both wet and dry processes. While these processes are 
the same in concept, they differ based on the type of sorbents used and the products produced 
(USDOT, 2002). Wet scrubbing systems are commercially available in many variations and 
designs and are the most widely used scrubbing systems employed throughout the world (Dalton, 
1995). Depending on the sorbent slurry being introduced, the currently available technologies are 
classified as: 
• lime/limestone/sludge wet scrubbers; 
• lime/limestone/gypsum wet scrubbers; 
• wet lime, fly ash scrubbers; and 
• Other wet scrubbers (including seawater, ammonia, caustic soda, sodium carbonate, 
potassium and magnesium hydroxide). 
The preferred sorbents in operating wet scrubbers are limestone followed by lime because 
of their availability and relatively low cost (Kalyoncu, 2000). Approximately 90% of the FGD 
systems in U.S use limestone/lime as the sorbent reagent (Kalyoncu, 2000). The detailed 
chemistry of absorbing SO2 from the flue gas is shown below: 
SO2 + H2O ↔ H2SO3                        (1.1) 
H2SO3 ↔ H+ + HSO3-                                   (1.2) 
H++2HSO3- + O2 ↔ 2H+ + 2SO42-                             (1.3) 
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2H+ + SO42-+ CaCO3 ↔ CaSO4 .2H2O + CO2                                                     (1.4)       
In case of incomplete oxidation, 
H++2HSO3- + ½ O2 ↔ 3H+ + SO42- +SO3-                                           (1.5)  
3H+ + SO42- + SO3-+ 2CaCO3 ↔ CaSO4.2H2O +CaSO3.1/2H2O + 2CO2                     (1.6)            
Flue gas at the absorber outlet is monitored for SO2 content, which can be regulated by 
the quantity of limestone added. The alkali reacts with sulfur dioxide gas, resulting in slurry of 
calcium sulfite and/or calcium sulfate, which is referred to as FGD sludge (USDOT, 2002). For 
every million metric tons of coal burned, an average 0.02 MT of FGD is produced (USDOT, 
2002; ACCAA, 2002). In practice, air in the flue gas causes some oxidation, and the final 
reaction product is a wet mixture of calcium sulfate and calcium sulfite (sludge).  
FGD sludge is a solid or semi-solid material depending on the moisture content present in 
the sorbent slurry when introduced into the exhaust gas system (Table 1.1). FGD sludge typically 
contains higher concentrations of Calcium (Ca), Sulfur (S), Silicon (Si), Iron (Fe), Aluminum 
(Al) and Bromine (Br), making it of great environmental concern (USDOT, 2002).  
Table 1.1 Physical characteristics of typical FGD sludge (after, USDOT, 2002).  
Physical Property  Unoxidized (CaSO4 + CaSO3) Oxidized (Mostly CaSO4) 
Solids Content (%) 
Specific Gravity 
Wet Density (kg·m-3) 
Dry Density (kg·m-3) 
40.0 – 65.0 
2.25 - 2.60 
1,460 - 1,780 
970 - 1,280 
63.0 – 89.0 
2.25 - 2.60 
1,540 - 1,860 
970 - 1,650 
 
There are presently three storage methods for FGD sludge: wet (surface impoundments), 
dry (landfills) and gypsum stacking. About 24 MT of FGD sludge was produced in the U.S. 
during year 2001, of which only four MT were used while the remaining was either land filled or 
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stored in holding ponds (USGS, 2001a). Disposal of FGD wastes on land can lead to 
environmental harm because of the increased risks due to leachate seeping into the groundwater 
(Ibanez et al., 1998).  
FGDs are the newer Clean Coal Technology products, and the interest to develop 
processes that will render this waste less harmful and easy to handle has increased greatly.  The 
successful use of FGD sludge at a commercial level is practical only if it can be stabilized to 
produce products technically safe, environmentally sound, and commercially competitive with 
other materials or products of commerce.  
1.2 Stabilization/Solidification  
 
Stabilization/Solidification (s/s) processes involve blending of cement or pozzolanic 
materials with waste resulting in a structurally stable, solidified matrix with reduced 
permeability, metal solubility and metal mobility (Bishop et al., 1992). The primary goal of s/s is 
to reduce the solubility of any pollutant present in the waste and to improve the physical 
properties of the waste so that it can be handled safely and easily. S/s may be achieved by 
physical, chemical or both mechanisms occurring together.  If movement of the contaminant is 
reduced by entrapping/retaining the contaminant in the stabilized matrix, then stabilization is 
achieved due to physical mechanisms. If the contaminant chemically reacts with the binders and 
produces harmless products then stabilization is achieved due to chemical mechanisms. Both 
physical and chemical mechanisms may work together in solidified wastes to immobilize 
contaminants in the waste/binder (Batchelor, 1998). S/s wastes may still leach, but the rate of 
contaminant leaching is very low and the pollutants will disperse harmlessly into the 
environment (Harrera et al., 1992; Poon et al., 2001). Thus, emphasis should be placed on the 
long-term physical integrity and leaching phenomenon of the stabilized materials.  
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Previous studies have demonstrated that the stabilization of combustion residues (coal fly 
ash, oil ash) using additives such as lime, sodium carbonate, and Portland cement could be used 
to produce solid blocks that maintained their physical integrity and were environmentally 
acceptable in the sea (Parker et al., 1981; Duedall et al., 1983; Kalajian et al., 1987; Breslin et 
al., 1988; Dayal et al., 1993; Breslin and Roethel, 1995; Hassan et al., 1995).  
Fly ash represents a major component (58%) of CCPs produced, followed by FGD sludge 
(24%) (Malhotra and Samuel, 2001). Both of these materials posses excess energy (either 
chemical or surface stored), which can be utilized to participate in chemical reactions (Scheetz et 
al., 1999). Fly ash has found many uses due to its chemical composition, mineralogical content 
and physical size distribution. Fly ash is a finely divided form of siliceous and aluminous 
material, which possesses little or no cementitious value of its own, but produces cementitious 
material by reaction of free lime (CaO) with pozzolans (Al2O3, SiO2, Fe2O3) in presence of 
water. Therefore, the availability of lime in the mix determines the self-hardening characteristics 
of fly ash. Fly ash can replace cement as it contains silicate that allows it to act as a binding 
agent in the mixture reducing the amount of cement needed (Chesner et al., 2002). Fly ash has 
been traditionally used as an additive in different processes such as cement production, concrete 
manufacturing and also as a partial substitute for Portland cement in various applications  
(Clarke, 1992). Mechanically, fly ash affects leaching rates by reducing the permeability of the 
stabilized matrix (Cartledge et al., 1991 and Roy et al., 1991). The American Society for Testing 
and Materials (ASTM) classifies fly ash as Class C or Class F based on the chemical 
composition i.e. content of silica; alumina, iron oxide and lime present (ASTM, 1995). Class F 
fly ash is produced from burning anthracite and bituminous coals. This fly ash has siliceous and 
aluminous materials with little or no cementitious value. In finely divided form and in presence 
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of moisture it chemically reacts with calcium hydroxide to form cementitious compounds (Roy 
et al., 1985). Class C fly ash is produced from burning of lignite and sub-bituminous coals and 
contains significant amounts of lime (Roy et al., 1985). For Class C fly ash the calcium oxide 
(lime) of fly ash can react with the siliceous and aluminous materials (pozzolans) of fly ash 
itself. Thus, Class C fly ash is a better substitute over Class F fly ash as it contains more lime 
(CaO), which makes it cementious in addition to pozzolanic (ASTM C 1861-97).  
Portland Type II cement is mildly sulfate resisting and widely used in marine concrete 
structures for protection against sulfate attack (Ouyang et al., 1998). Portland Type II cement in 
combination of Class C fly ash were selected for stabilization of FGD sludge so that the 
stabilized product is not only resistant to sulfate attack in marine environment but also 
economically competitive to fabricate (Guo, 1998).  
 Phosphogypsum (PG, CaSO4·2H2O), a byproduct from the production of phosphoric 
acid, has been successfully stabilized with Portland Type II cement and Class C fly ash and 
applied in marine environments (Deshpande, 2003). Similar research on incineration residues 
rich in lead (Pb), cadmium (Cd), zinc (Zn) and copper (Cu) has been carried out by Breslin and 
Roethel, (1995). These residues were stabilized with Portland cement to form blocks, which were 
then used in the construction of an artificial habitat in Conscience Bay, Long Island and 
monitored for more than six months (Breslin and Roethel, 1995). Results showed that these 
blocks retained their structural integrity. The organisms growing on the surfaces did not have 
metal concentrations different from the metal concentrations of organisms growing on the 
surfaces of reference concrete blocks. In urban coastal areas, where landfills are few and 
increasingly distant, marine applications of stabilized incineration residues may provide an 
acceptable alternative to current landfill practices (Breslin et al., 1988). Further research needs to 
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be conducted to find economical ways to achieve stabilization of FGD sludge for marine 
applications. 
1.3 Previous FGD Stabilization Studies and Uses 
 
 Due to the high content of sulfate in both dry and wet FGD, the material is widely used in 
highway construction, wall board manufacturing, reclamation, embankment, structural fill, 
stabilized base/sub base and flowable fill, etc. (Malhotra and Samuel, 2001). Depending on the 
gypsum content, FGD sludge as: 1) refined FGD gypsum sludge (93% CaSO4⋅2H2O and 7% 
CaSO3⋅0.5H2O), 2) FGD gypsum sludge (70 - 93% CaSO4⋅2H2O and 7 - 30% CaSO3⋅0.5H2O) 
and 3) FGD base sludge (60 - 70% CaSO4⋅2H2O and 30 - 40% CaSO3⋅0.5H2O).  
 For FGD sludge rich in gypsum, the major uses include wallboard industry consumption, 
mining and reclamation applications. The potential high volume uses for gypsum rich FGD is in 
construction and maintenance of roadways. Fixated scrubber sludge material has been used in 
more than 16 projects throughout the U.S as stabilized base and sub base construction material 
(Butalia et al., 2001). Successful research has been carried out to develop economically feasible 
technologies, which use gypsum rich FGD   to produce value added decorative composites that 
can be sawed, routed, drilled and glued (Malhotra, 1999). Recyclable Paperless Byproduct 
Structural (RPBS) composites have been developed using FGD gypsum. This conventional-
strength paperless wallboard is 7.5 times stronger than commercially available wallboard 
(Malhotra and Samuel, 2001). FGD gypsum has been used for mine sealing and abatement of 
acid mine drainage (Rudisell et al., 2001). The suitability of FGD to be used as an impervious 
liner in place of commonly used clay or geomembranes was investigated by Butalia and Wolfe, 
(1999). The laboratory samples exhibited low permeability and high strength. The permeability 
values were as low as 3.0 x 10-8 cm·s-1, which is lower than the required permeability limit of 1 x 
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10-7 cm·s-1set by EPA (Butalia and Wolfe, 1999). Research has been conducted to investigate the 
potential use of dry and wet FGD materials in flowable fills (Butalia et al., 2001). Results have 
shown that the spray dryer FGD material can be an economic alternative to conventional 
compacted fills and conventional flowable fills.  
1.4 Potential FGD Sludge Applications  
The entire nation is experiencing wetland loss and coastal erosion problems. Louisiana, 
with 42% of the nation’s wetlands, represent 80% of total area lost in the country (USGS, 1995). 
The coastal areas serve as a habitat for various aquatic species. The problem created by the loss 
of coastal areas is not limited to the loss of aquatic species alone. The tourism industry in coastal 
states, which has a major share of income from the recreational activities at the bays, will also be 
in a great loss (USGS, 2001).  
Construction of seawalls, revetments, groins and detached breakwaters are a few 
engineering techniques, which have been adopted to minimize coastal erosion (Scavia et al., 
2001). Every year approximately 2100 MT of aggregates (sand, crushed rocks, gravel, limestone, 
shale) are produced in U.S to be used as embankment fill, building foundation/drainage, asphalt 
concrete, plaster, railroad ballast etc, (Nelson, 1997). Limestone is one of the most widely used 
fill material in construction of coastal protection devices (LADNR, 2000).  The major concern 
when using limestone, as a fill material is its weight, which would consolidate the underlying 
soils and result in excessive settlement of embankments (Aksoy and Hasai, 1998).   
Synthetic lightweight aggregates (SLAs) were produced by stabilizing High Density 
Polyethylene (HDPE) with coal fly ash (Holmstrom and Swam, 1999). The research advocated 
the use of SLAs as lightweight fill around foundations, embankments and as drainage material in 
retaining walls. If it were feasible to produce lightweight fill material by stabilizing FGD sludge 
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it could be used in construction of coastal protection devices. Limestone can be used as an armor 
to provide resistance to the marine dynamic loading and to minimize the contact of fill material 
(s/s FGD matrix) with the environment. The cross section (c/s) of proposed application for 






Figure 1.1 Cross section of retaining wall /embankment  
 
The development of a new lightweight fill material (if achieved economically) by 
stabilizing FGD sludge, with Class C fly ash and Portland Type II cement would not only 
provide an alternate to the storing of this byproduct, but also result in establishing a marketable 
industry for FGD sludge. 
1.5. Leach Models 
  
To understand the process of stabilization and the extent of stabilization achieved, the 
stabilized waste forms are subjected to various tests. Many testing procedures have been 
developed to simulate the leaching of contaminants from the hazardous wastes in landfills or 
natural environments in order to evaluate the possibility of human health hazard from the treated 
wastes (Poon et al., 2001). Once the stabilization technique is finalized based on all influencing 
factors, the final solidified/stabilized product is subjected to leaching tests to verify the extent of 
stabilization achieved. The leaching tests also provide information on the rate of contaminants 
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leaching (Bishop, 1988). The reproducibility of results for the tests conducted on the stabilized 
waste forms allows prediction of the impact of the wastes when placed in the variety of 
environments (Batchelor, 1990).  
In the environment, both waste and site-specific conditions influence leaching of 
contaminants from waste materials. Therefore, use of standard laboratory test data alone to 
assess the effectiveness of the s/s process adopted to reduce leaching of contaminants from the 
treated waste is often inappropriate (Ibanez et al., 1998). Many researchers have demonstrated 
the importance of chemical and physical factors on the leaching process of contaminants from s/s 
wastes using leaching models. Different models were developed by researchers to understand the 
s/s process and to predict the long-term stability (Duedall et al., 1983; de Groot and van der 
Sloot, 1992; Park and Batchelor, 2002). Models can be broadly classified as chemical 
equilibrium-based and kinetic-based models.  
1.5.1 Chemical Equilibrium Models 
 
Chemical equilibrium models, which have been developed for wastes treated by 
conventional s/s techniques, play an important role in predicting the behavior of s/s wastes for 
risk assessment without having to actually conduct any leaching studies. The effects of chemical 
reactions on the stabilization of the components are best described in chemical equilibrium 
model. These models include the physical and chemical reaction processes and products, which 
results in varying degree of immobilization of contaminants, depending upon the conditions 
within the waste form (Batchelor and Wu, 1993). The most widely used chemical equilibrium 
models are MINTEQA2, SOLTEQ, and SOLTEQ-B. SOLTEQ and its subsequent improvement 
SOLTEQ-B Park and Batchelor (2002) are based on MINTEQA2 and Barnes CSH model. 
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SOLTEQ (Batchelor and Wu, 1993) is a specialized chemical equilibrium model for 
waste treated by conventional s/s. It calculates activity coefficients using the Pitzer ionic 
interaction model and can be applied to systems with very high ionic strength. The model uses 
empirical regression equations to describe the variable stoichiometry and variable solubility of 
the principal hydration product of Calcium-Silicate-Hydrate (CSH). SOLTEQ requires the 
composition of the material being simulated. The material description can be described in terms 
of total concentrations or chemical components in terms of solid phases. A procedure has been 
developed and evaluated that represents s/s binder materials in terms of specific solid phases 
recognized by SOLTEQ. The thermodynamic database of MINTEQA2 was expanded to include 
16 solid phases present in the cementitious system and was the basis for the SOLTEQ database. 
SOLTEQ is limited in describing chemical compositions in pore waters of cementitious systems 
and has a slow and unreliable convergence to a solution for equilibrium concentrations.  Poor 
convergence is of particular problem if SOLTEQ is used in the dynamic leaching model. The 
problem of convergence was solved when the SOLTEQ code was modified to use Barnes CSH 
model. These modifications along with the inclusion of a new solid, CaH2SiO4, in the SOLTEQ 
database resulted in SOLTEQ-B. SOLTEQ-B is applicable to systems with an ionic strength 
below about 0.5M. This limit could be exceeded when wastes are treated with binders that 
contain high levels of soluble ions such as sodium or potassium. This model has been verified 
using experimental data from a series of batch equilibrium tests of pure s/s binder and s/s 
binder/waste mixtures. The results indicated the predictions obtained by SOLTEQ-B were 
similar to the result obtained from the laboratory tests (Park and Batchelor, 2002). 
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1.5.2 Kinetic Models 
 
The simple leaching models are based on the kinetics of leaching and cannot stand alone 
to predict long term leaching affects. The results obtained from batch equilibrium tests, or any 
other similar tests, can be used in the model to predict results over a wider range of conditions; 
such as long-term leaching behavior in the environment. The results from these model 
predictions may be correlated to experimental data to improve understanding of the s/s process 
(Batchelor, 1990). 
Several kinematics based models based on different hypotheses and which have 
internally defined controlling parameters to predict medium and long term leachability from s/s 
matrices, have been developed (Batchelor, 1990; Breslin and Roethel, 1995; Shafique et al., 
1998; Poon et al., 2001). While a few leaching models adopt diffusion as the controlling factor 
(Duedall et al., 1983; Bishop, 1988), others consider bulk diffusion/dissolution chemical 
reactions (Batchelor, 1990) to predict long-term stability.  
A one-dimensional model based on Fick’s 2nd Law was developed to describe the fluxes 











∂   0< x < ∞ , 0< t                     (1.7) 
where, 
C = concentration of ion concerned (mol·cm-3),  
D = diffusion coefficient (cm-2·d-1),  
t = time (d),  
x = the one-dimensional coordinate (cm). 
The original (x=0) point is at the composite surface with movement into the block 
extending from x = 0 to x = +∞. This model assumes a uniform distribution of diffused ions 
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within the solid and a flux of the ions across the solid-water interface that is proportional to the 
concentration at the interface. The boundary conditions for a well-stirred aqueous system are 
therefore 
at t = 0, C = Co   the solution for equation (1.7) is 
t
DCJ o π
=                                     (1.8) 
where, 
Co = initial concentration in the product (mol·cm-3), 
J = flux of ion concerned, (mol·cm-2·d-1). 
A three-dimensional diffusion model was developed based on the Duedall et al., 1983 
model by de Groot and van der Sloot (1992) with slight variations, to include leaching 
mechanisms. This model calculated the effective diffusion coefficient considering the 
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1 =                     (1.10) 
where, 
De = effective diffusion coefficient (m2·s-1) 
Bi = cumulative release of the component (mg·m-2) 
d = bulk density of the product (kg·m-3) 
U max = maximum leachable quantity in (mg·kg-1) 
The log-normalized form for equation 1.10 is 












1log                    (1.11) 
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Equation (1.11) is used to determine the leaching mechanisms. Logarithm of the 
cumulative release is plotted against time and depending on the slope of the line at different time 
periods, the process of transport is differentiated as surface wash off, diffusion, dissolution and 
depletion (Table 1.2).  
Table 1.2 Classification of different mechanisms occurring based on different slope values (after, 
de Groot and van der Sloot 1992)  
                                               Slope 
Range <0.4 0.4-0.6 >0.6 
Begin (0-14 days) Surface wash off Diffusion Lag time/dissolution 
Middle (14-42 days) Depletion Diffusion Dissolution 
End (42-90 days) Depletion Diffusion Dissolution 
 
de Groot and van der Sloot (1992) correlated long-term stability to physical retardation 










R =                        (1.13) 
where, 
DNa = diffusion coefficient of sodium in water (m2·s-1) 
De = effective diffusion coefficient of sodium in the product (m2·s-1) 
Dx = diffusion coefficient of the component X in water (m2·s-1) 
Dex = effective diffusion coefficient for component X in the product (m2·s-1) 
 According to de Groot and van der Sloot (1992), τ reflects extended path length of a 
diffusion ion in the pore structure of a product relative to its free mobility in water and R reflects 
the release of a component relative to that of an inert species. Thus, the two parameters τ and R 
were used as indicators of long-term stability. 
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The two models have been extensively applied by researchers with some of their 
modifications (Cote, 1986; Batchelor, 1990; Breslin and Roethel, 1995; Shafique et al., 1998) for 
calculating the effective diffusion coefficients of the components of concern in the stabilized 
matrix. 
1.5.3 LSU Model 
 
A mathematical diffusion model to predict the long-term dissolution potential of 
stabilized wastes in water/saltwater (leaching media) based on the data obtained from dynamic 
leaching tests has been developed by Guo et al., (2004). This model is based on the model 
developed by Duedall et al., (1983). The assumptions of the model are (1) contaminant is 
distributed homogeneously in the specimen before the specimen is subjected to leaching (2) 
constant concentration of the contaminant at the block-water interface (3) there is no 
concentration gradient development any time (infinite bath) (4) the concentration at the center of 
the solid does not change during the leaching period (infinite solid) and (5) the diffusion 
processes by which the ions of concern moves through the solid can be described by Fick’s 2nd 
Law. 
The original (x=0) point is on the composite surface with movement into the block 
extending from x = 0 to x = +∞.  The initial condition is given as 
at t = 0, C = Co   (initial content at the stabilized solid)                            (1.14) 
For stabilized FGD briquettes, Co is assumed to be in equilibrium thus the boundary 
condition is given as 
at x = 0, C = C1  (ion concentration at the block-water interface)                          (1.15) 
The solution for equation 1.7 with the initial (equation 1.14) and boundary conditions 











)                                (1.16) 
Under the condition of x→0, 
)(xerf  = 
π
x2                        (1.17) 




















1                                          (1.19) 
where,  
Co = initial concentration of ions in the stabilized FGD matrix (mol·cm-3)  
C1 = average concentration of ions diffusion from the stabilized FGD matrix (mol·cm-3)  
The flux, J(t), of diffusing substances at the unit area and unit time, through the interface 
of solid/solution is given as 
J (t) 0→x t
DCC eo π
)( 1−=                      (1.20) 
To obtain the cumulative flux, F (t), of diffusing ions at the unit area and unit time 
equation 1.20 is integrated over time resulting in the following equation 
F (t) 0→x tCCK
tDCC oeo )()(2 121 −=−= π
                                     (1.21) 
where,  
=2K π
eD2                                         (1.22) 
Assuming that the ions diffusing, do not involve any chemical reactions, the cumulative 
flux is constant for any given x value.  This is mathematically represented as 
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 F (t) 0→x = F (t) x = F (t)                                           (1.23) 
As discussed in section 1.5.2, de Groot and van der Sloot (1992) identified the leaching 
mechanisms based on the slope values from the logarithmic plots of cumulative release versus 
time. Slopes of 1, 0.5 and 0 correspond to the dissolution, diffusion and surface wash-off 
processes. However exact values of 1, 0.5 or 0 are rare indicating the leaching process to occur 
as a combination of one or more processes occurring simultaneously at any given time. To 
address this issue, a statistical model was integrated by Guo et al., (2004) to disintegrate the 
measured cumulative waste component release rates at any given time into rates of the 
dissolution, diffusion and surface wash-off. The above-discussed model was tested for the lack 
of fit and based on the p-value and lack of fit the best model was selected.   
F (t) = K1 )( 1CCo − + ei                     (1.24) 
F (t) = K2 tCCo )( 1−  + ei                     (1.25) 
F (t) = K3 )( 1CCo − t + ei                     (1.26) 
F (t) = K1 )( 1CCo −  + K2 )( 1CCo − t  + ei                         (1.27) 
F (t) = K2 tCCo )( 1−  + K3 )( 1CCo − t + ei                        (1.28) 
F (t) = K1 )( 1CCo −  + K2 )( 1CCo − t  + K3 )( 1CCo − t + ei                               (1.29) 
where, 
K1 = rate constant for surface wash off (cm) 
K2 = rate constant for diffusion (cm·d-0.5) 
 K3 = rate constant for first order dissolution (cm·d-1) 
 Equations (1.24), (1.25) and (1.26) represent the surface wash-off, diffusion and 
dissolution process respectively, and equations (1.27), (1.28) and (1.29) represent the 
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combinations of these three processes. Equation (1.29) is representation of all reaction 
mechanisms occurring. Residual error (ei) is the random error term assumed to be normally 
distributed. The SAS program used to calculate K1, K2 and K3 is included in Appendix B. More 
detailed information about the model and the statistical tests it uses to test the normality of the 
data can be found in Guo et al., (2004). 
1.6 Geotechnical Properties 
 
 The fill material generally used in embankments meet applicable specification quality 
requirements to bear the loads transferred to them as part of a structure and compactable to 
achieve maximum density (Chesner et al., 2002). As per ASTM E 1861-97, any material that is 
used as an aggregate for backfill/fill material for construction should be evaluated for its physical 
and engineering properties before it is used. Compaction characteristics, compressibility and 
shear strength are the three critical geotechnical properties that determine the suitability of an 
aggregate for a particular application. In geotechnical engineering lightweight fill materials are 
used to solve settlement and bearing capacity problems, to construct embankments on slopes 
with high slip potential and to reduce lateral pressures acting on retaining walls (Aksoy et al., 
2002). Other properties that are useful in determining the suitability of the aggregate for use as a 
fill material in structures are: water content, dry density, specific gravity, particle size 
distribution, plasticity characteristic, resistance to corrosion and durability. 
 Studies carried out by Ouyang et al.,  (1998) and Casanova et al., (1996, 1997) discusses 
the advantages of using concrete made from gypsum or sulfide-bearing aggregates in marine 
environment. Studies carried out by Monzo,  (1999) to find the influence of sewage sludge ash 
(SSA) on cement motors strength showed that the addition of SSA to cement motor increased its 
relative compressive strength. It can be noted that the high sulfur content of SSA (12.4%) does 
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not seem to have any influence on the compressive strength of mortars containing SSA (Monzo, 
1999). Various mixes of cement-stabilized phosphogypsum have been studied and recommended 
its usefulness in road and embankment constructions (Thimmegowda, 1994). 
The feasibility of using coal fly ash along with high density polyethylene as light weight 
fill material was determined by conducted Holmstrom and Swan (1999). For this purpose 
specific gravity, grain size distribution and one-dimensional compression values were identified. 
The proposed lightweight material qualified as a fill material and high drainage material in 
construction of embankments, foundations, retaining walls and utility trenches. It was observed 
by Prusinski et al., (1995) and Smith and Theys (2000) that FGD gypsum stabilized with fly ash, 
lime or Portland cement when used for road base construction the unconfined compressive 
strength and flexural strength was in the range of 1720 to 6900 kPa (similar to crushed rock). 
FGD sludge has low unit weight (0.9 - 1.5 gm·cm-3), high-unconfined compressive strength 
(35x103 - 141x 103 Kg·force·m-2) and good shear strength (35 - 45°) characteristics. Thus, FGD 
sludge holds promise for fill applications (Butalia et al., 2001).   
1.7 Research Objectives 
 
This research focused specifically on the potential use of waste FGD sludge and fly ash. 
Class C fly ash and Portland type II cement were used in the stabilization of FGD sludge to 
fabricate blocks and briquettes. Stabilization of the waste requires an understanding the material 
characteristics of raw waste and the transport mechanisms of constituents of concern from the 
waste to the surrounding environments. The specific objectives were to (1) determine the 
ingredient composite composition that resulted in long-term physical integrity when submerged, 
(2) investigate the engineering properties of FGD briquettes to evaluate their suitability as fill 
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material, and (3) evaluate the economics for the briquettes to be used competitively against the 
available fill materials for coastal marine construction works. 
 This thesis is comprised of two manuscripts. The first manuscript discusses stabilization 
of FGD sludge with Class C fly ash and Portland Type II cement. Ten composites were screened 
to select five composite combinations based on the six-month field submergence, cost analysis 
and the effective diffusion coefficients of calcium and sulfate. The selected five composite 
combinations were fabricated as briquettes and subjected to 77-day dynamic leaching test to 
evaluate the long-term survivability in marine environments.  The second manuscript evaluates 
suitability of using the selected five composite combinations as a fill material by means of raw 
material characterization, engineering, geotechnical properties and field submergence tests. 
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CHAPTER 2: STABILIZATION OF FGD SLUDGE FOR APPLICATION AS A FILL 
MATERIAL IN COASTAL PROTECTION DEVICES 
2.1 Introduction 
 
Coal burning power plants generate more than fifty percent of the electricity in the United 
States (USGS, 2001a). Combustion of coal results in inorganic residues, namely Coal 
Combustion Products (CCPs). The Clean Air Act and its Amendments (CAAA, 1990, Public law 
101-549) set high standards for reducing emissions of sulfur dioxide (SO2) from coal burning 
utilities. To meet the standards, many industries installed wet/dry scrubber units to remove 
aerosol particles and gases (Ibanez et al., 1998). As a consequence of employing wet/dry flue gas 
desulfurization (FGD) scrubbers, large amounts of FGD sludge are produced (Clark et al., 2001). 
In 2002 alone, approximately 24 million metric tons (MT) of FGD sludge was produced 
(USDOT, 2002). FGD sludge has found applications such as road base material (USDOT, 2002), 
wallboard construction (Malhotra, 1999), neutralization of acid mine drainage (Rudisell et al., 
2001), flowable fill (Butalia et al., 2001) and paperless cardboard production (Malhotra, 1999). 
While FGD sludge has chemical and physical properties that make it suitable for many 
applications, only 16% of the FGD sludge produced in 2002 was recycled and the rest has been 
land filled or stored in holding ponds (Malhotra and Valambie, 2002). The limited utilization of 
FGD sludge is due to fluctuations in its properties and chemical composition.  The disposal of 
such large quantities of sludge in landfills or holding ponds is an economic and environmental 
burden for the coal burning utilities. One possible way to resolve this situation is to use FGD 
sludge to produce lightweight fill materials. Construction of coastal restoration works (i.e., sea 
walls, revetments, dikes etc.) to protect our shorelines against erosion  (Scavia et al., 2001) need 
fill material in tens of thousand tons of (LADNR, 2000). Traditionally, limestone available at 
$36- $52 per ton is used as fill material and armor in these structures (Whiteneck and Hockney, 
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1989). Production of light weight fill materials using FGD sludge would not only reduce the 
consumption of natural resources in the production of structural materials, but also contribute to 
environmental protection.  
Researchers at Louisiana State University have successfully stabilized phosphogypsum 
(PG), a byproduct of phosphoric acid production with Class C fly ash and Portland Type II 
cement to develop fill material for coastal restoration activities (Guo, 1998; Guo et al., 1999c; 
2001; 2002; Rusch et al., 2002; Deshpande 2003).  Prior to using FGD sludge as a fill material, it 
must be solidified/stabilized (s/s) to retain the constituents of interest in the stabilized matrix. 
Thus, development of waste FGD sludge briquettes for marine applications must not only 
consider the mechanical/physical properties of the composite, but also utilize admixtures that 
encapsulate the material to prevent it from dissolving once submerged. 
 S/s is commonly employed for treating contaminated soils, sludges and hazardous wastes 
to reduce the risk associated with constituents of interest present in the waste by reducing 
mobility through physical and/or chemical mechanisms (Duedall et al., 1983; Breslin et al., 
1988; Conner, 1990; Collins and Stanley, 1994). Much research has been carried out to identify 
the use of various materials and different matrices to reduce the release of contaminants from the 
waste to the environment (Breslin et al., 1988; Dayal et al., 1994; Roy et al., 1996; Ibanez et al., 
1998; Yan et al., 1999; Guo et al., 2001; 2002; 2003). Binders of high pH (mostly Portland 
cement in combination with fly ash) are added to the waste to improve its physical characteristics 
(solidification) and/or to reduce the mobility of constituent of interests (stabilization) (Medici et 
al., 1989; Wittmann, 1997).  
The s/s matrix must eliminate the dissolution potential and leaching of the constituents of 
interest. Diffusion and dissolution are the main mechanisms of transport for the constituents of 
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interest from the stabilized matrix to the environment (Batchelor, 1990; Cote et al 1992). The 
rate of leaching during the diffusion phase is described via ‘effective diffusion coefficient’ (De). 
De can be calculated for each constituent of interest present in the waste by applying the data 
collected from laboratory tests such as the Dynamic Leaching Test (DLT) to a proper 
kinetic/chemical equilibrium model (Batchelor, 1990). Many models have been developed to 
calculate De (Duedall et al., 1983; Cote, 1986; Bishop et al., 1992; de Groot and van der Sloot 
1992; Park and Batchelor, 2002; van der Sloot, 2002; Guo et al., 2004).  
This research proposes stabilization of FGD sludge with Class C fly ash and Portland 
Type II cement. Portland Type II cement was chosen because it is mildly sulfate resistant and 
widely used in marine environments not subjected to freezing and thawing (Whiteneck and 
Hockney, 1989). To achieve stabilization of FGD sludge within economic means Portland Type 
II cement in combination with Class C fly ash was chosen (Guo, 1998). Class C fly ash was 
chosen over Class F fly ash as it contains more lime (CaO), making it cementious in addition to 
pozzolanic (Medici et al., 1989).  
The major objective of this study was to determine best composite combinations of FGD 
sludge, Class C fly ash and Portland Type II cement, which will retain physical integrity in the 
marine environment, minimize leaching of the constituents of interest and is economical to 
produce.  Secondary objectives were to (1) determine the process of mobility of the constituents 
of interest from the stabilized waste matrix to the surrounding environment, (2) calculate De for 
the constituents of interest and (3) use De for predicting long-term survivability of the composite 
combinations in the marine environments.  
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2.2 Materials and Methods 
 
A two-step approach was adopted in this research. A flow chart of the experiments 
conducted from initial screening to the final selection is shown in Figure 2.1. 
Figure 2.1 Flow chart research protocol  
 
As an initial screening step (Phase I), ten composite combinations were fabricated as 
blocks and evaluated for survival during submergence, dissolution potential and cost using field 
submergence test, dynamic leaching studies and economic analysis. An evaluation matrix was 
developed to facilitate objective evaluation of the composites (Table 2.1).  
Table 2.1 Evaluation matrix for screening of the initial ten composites 
Parameter Criteria 
De Calcium 2.0 x 10-13 m2·s-1 
De Sulfate 2.1 x 10-13 m2·s-1 
Field Submergence Six Months 
Production Cost < $11·ton-1(year 2001) 
 
Previous research on PG has shown that the 63% PG:35% Class C fly ash:2% Portland 
Type II cement composite, maintained physical integrity over 2.5 years of saltwater submergence 
(Rusch et al., 2000). Based on the De values obtained for the composite (1.51 ×10-13 and 
1.63×10-13 m2·s-1 for Ca2+ and SO42-, respectively) and considering the deviations, the maximum 
allowable De values for Ca2+ and SO42- dissolution for the FGD composites were set at 2.0×10-13 
and 2.1×10-13 m2·s-1, respectively. For screening purposes, 11-day DLT was adopted instead of 
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the standard 14 days (ANS, 16.1) since previous research (Guo et al., 1999a; 2001) identified 
that most of the leaching occurs in the initial phase and the data collected for 11 days would be 
representative of the leaching trend.  
2.2.1 Raw Material Characterization 
2.2.1.1 Chemical Composition of FGD Sludge 
Raw FGD sludge “as received” from Big Bend Power Plant, Tampa Electric Co., Tampa, 
Florida was analyzed for its major, minor and trace constituents using wet chemical analysis. A 
sample of 0.5g of FGD sludge was oven dried at 45°-50° C and finely ground with an agate 
motar and pestle. The sample was then digested with a mixture of 9ml Nitric acid  (HNO3) and 
3ml of Hydrochloric acid  (HCl) in a microwave digester (CEM Microwave Sample Preparation 
System, Model MARS 5TM) according to EPA SW 846 method 3051 (USEPA, 1994).  The 
filtrate obtained after digestion was analyzed using ICP-ES to determine the presence of Al, B, 
Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb, S, Se, and Zn. A sample of FGD was subjected to X-
ray diffraction (XRD) analysis using a Siemens D 5000 diffractometer with Cu Kα radiation to 
investigate the major crystalline phases.  The runs were conducted from 3o to 70o (2θ), with 0.02o 
step size, and two second counting for each step. A sample spinner was used to lower the 
effective grain size.    
2.2.1.2 Chemical Composition of Portland Type II Cement 
The River Cement Co., St. Louis, Missouri, donated the Portland Type II cement used in 





Table 2.2 Characterization of Portland Type II cement (after, River Cement Co., 2002)  
Compound SiO2 Fe2O3 Al2O3 CaO MgO SO3 C3S C3A C4AF LOI* 
Content (%) 21.43 5.14 4.34 63.85 0.90 2.00 52.79 2.81 15.64 1.43 
*LOI = Loss on ignition. 
2.2.1.3 Chemical Composition of Class C fly ash 
The Class C fly ash used in this study was obtained from Bayou Ash, Erwinville, 
Louisiana. The chemical analysis of the Class C fly ash used in this study was provided by the 
manufacturer and is shown in Table 2.3.  
Table 2.3 Characterization of Class C fly ash (after, Bayou Ash Inc., 2002)  
Compound SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O LOI 
Content (%) 34.6 6.58 17.83 27.24 6.07 2.45 1.91 0.13 
 
 
2.2.2 Composite Fabrication 
2.2.2.1 Determination of the Composite Combinations 
The incomplete factorial design, as described by Guo et al., (2003), was adopted to 
determine the ingredient content levels for fabrication of the ten composites for the screening 
phase (Table 2.4).  
Table 2.4 Composite combinations selected from the incomplete factorial design  
FGD Sludge (%) Class C Fly Ash (%) Portland Type II Cement (%) 
77 20 3 
73 25 3 
72 25 3 
69 30 1 
68 30 2 
67 30 3 
64 35 1 
63 35 2 
62 35 3 
60 40 0 
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2.2.2.2 Fabrication of Blocks and Briquette 
For screening purposes, blocks were fabricated in the 
Concrete Research Laboratory at Louisiana State University 
(Figure 2.2).  The five composite combinations selected from 
the initial screening for further analysis process were 
fabricated as briquettes at K. R. Komarek Briquetting 
Research, Inc., Anniston, Alabama (Figure 2.3). Raw FGD 
sludge was oven-dried at 45-50°C for one day and ground to 
pass through a US Standard sieve # 10. FGD sludge, Class C 
fly ash and Portland Type II cement were homogenized and 
mixed according to the composite combinations, with water 
equivalent to 8% for blocks and 4% for briquettes. For 
briquette fabrication, the moisture content of 4% was selected 
as it results in fabricating briquettes with highest density. The 
fabrication parameters of the blocks and the briquettes are 
presented in Table 2.5.  
The composite combination that performed best in the 
screening process was fabricated in two different sizes to find 
if variation in the fabrication parameters (pressure, size) 
considerably altered the rate of movement of constituents from 
the stabilized matrix to the environment.   The blocks and the briquettes were 100% moisture 
cured at room temperature in sealed bags for 28 days prior to testing. 
 
 
Figure 2.2 Experimental set 
up for fabrication of blocks 
Figure 2.3 Experimental set 
up for fabrication of 
briquettes 
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Table 2.5 Fabrication parameters for the FGD: Class C fly ash: Portland Type II cement 
briquettes 
Briquettes Fabrication Parameter Blocks 
Size One Size Two 
Water Content  (%) 8 4 4 
Fabrication Pressure, (N·m-2) 9.8 x 107 6.3 x 107 14.3 x 107 
Solid Density, (g·cm-2) 2.05 2.02 2.10 
Mass, (g) 87.1 58.37 16.08 
Volume, (cm3) 43 28.89 7.66 
Surface Area, (cm2) 44 55 25.75 
L (cm) x D (cm) x H (cm) 3.6 x 3.9 6.3 x 4.0 x 2.2 4.1 x 2.2 x 1.3 
 
2.2.3 Dissolution Potential 
2.2.3.1 Modified Dynamic Leaching Test 
To predict the leachate quality that will be generated in the real environment, useful data 
can be obtained by adopting regulatory laboratory leaching procedures, such as the dynamic 
leaching test (DLT) (Buchhloz and Landsberger, 1995). A variation of the DLT (ANS 16.1, 
1986) was performed in duplicate for 11 days during screening and in triplicate for 77 days for 
the final phase of testing. The blocks and briquettes were placed in 352 ml, 440 ml and 240 ml 
(for small size) of 20 ppT artificial seawater (Instant Ocean), respectively. The leachate 
volume to surface area ratio used was 8:1 as opposed to the standard 10:1 to obtain more 
conservative results.  The leachate was renewed at intervals of 0.08, 0.29, 1, 2, 3, 4, 5, 8, 11, 14, 
21, 28, 42, 56 and 77 days. Alkalinity and pH of the leachate obtained from DLT of the blocks 
and briquettes were measured in accordance with Standard Methods (APHA, 1998). The leachate 
from the blocks was analyzed for the major constituents of FGD sludge (i.e. Ca2+ and SO42-) 
using inductively coupled plasma spectrometry (ICP- ES, Spectro CIROS CCD). The leachate 
obtained from the briquettes was analyzed for concentrations of Ca2+, SO42- and magnesium 
(Mg2+) using ion chromatography (IC, Dionex, DX 320). 
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2.2.3.2 Identification of Precipitate for Phase II 
The major ions present in the artificial saltwater matrix used in the dynamic leaching 
studies are Ca2+, SO42-, Mg2+ and sodium (Na2+). The dissolution of FGD produces mainly Ca2+ 
and SO42- ions. The following mechanisms could possibly happen when the ions (CaSO4 ↔ Ca2+ 
+ SO42-) from the stabilized blocks/briquettes enter the leaching solution  
1. Formation of MgSO4  
Mg2+ + SO42- ↔ MgSO4  Ksp = 5.93 x 10-3                             (2.1) 
2. Formation of Mg(OH)2 
Mg2+ + 2(OH) 2- ↔ Mg(OH)2      Ksp = 9.03 x 10-3                            (2.2) 
3. Formation of MgCO3 
Mg2+ + (CO)32- ↔ MgCO3  Ksp = 4.0 x 10-3                    (2.3) 
4. Formation of CaCO3        
Ca2+ + CO32- ↔ CaCO3  Ksp = 5.0 x 10-9                     (2.4) 
Chemical equilibrium calculations were conducted using the measured concentrations of 
Ca2+, SO42-, Mg2+, pH and alkalinity to find the possibility of precipitation of MgSO4, Mg(OH)2,  
MgCO3 and CaCO3. An additional phenomenon of concern was transfer of Mg2+ into the 
briquettes via pore water during the DLT period as it could result in formation of brucite and 
other components that may lead to expansion and hence failure of the composites (Breslin et al., 
1988). To identify if any such reactions occurred the difference in the elemental constituents of 
the briquettes before being subjected to leaching (control) and after leaching (leached), was 
determined. A sample of 0.5 grams of each control and leached briquette was finely crushed with 
an agate mortar and pestle and digested with a mixture of 9 ml HNO3 and 3 ml HCl in a 
microwave digester (CEM Microwave Sample Preparation System, Model MARS 5TM) according 
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to EPA SW 846 method 3051 (USEPA, 1994). The filtrate obtained after digestion was analyzed 
using IC for presence of ions. For safety purposes HCl was used instead of HF-H3BO3 acid, 
which is recommended for 100% recovery (Breslin et al., 1988). 
2.2.4 Data Analysis 
2.2.4.1 Diffusion Model Used for Analysis of Phase I Data 
A simple diffusion model developed by Duedall et al., (1983) assumes the flux of 











=    0 < x < ∞, 0 < t                          (2.5) 
where, 
C = concentration of Ca2+/SO42-, (g·cm-3). 
De = effective diffusion coefficient (cm2·d-1) 
t = time (d),  
x = the one-dimensional coordinate (cm). 
This model is one-dimensional for ions in solidified matrices and in well-stirred aqueous 
systems.  It assumes a uniform distribution of diffused ions in the stabilized matrix and a flux of 
the ions across the water-water interface that is proportional to the concentration at the interface.  
The initial and boundary conditions for the one dimensional diffusion equation are as follows: 
Initial Condition: 


















∂1                   (2.6) 
where, 
 h is the transfer coefficient 
( ) oCxC =0,
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Boundary Condition 2 (as x approached infinity) 
 
The solutions for the equation (2.6) where release of the parameter of interest is controlled by 
diffusion in the blocks, h→∞, are 
                         (2.7) 
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1log                               (2.10)   
where,   
Co = initial concentration of Ca2+/SO42-, (g·cm-3). 
J = flux of ions Ca2+/SO42-, (g·cm-2) and is calculated using equation (2.11) 
A
VCJ ×=                                (2.11) 
where,  
V = volume of the leachate in which the briquette is submerged (cm3) 
A = surface area of the briquette (cm2) 
Thus, with known Co value De was calculated from the intercept of the graph obtained 
from the logarithmic plot of cumulative flux versus time (equation 2.10). 
2.2.4.2 Diffusion Model Used for Phase II Data 
To determine the long-term impact of using stabilized FGD briquettes in marine 
environments an in-depth understanding about the transfer process (diffusion, dissolution, 




















surface wash-off) of constituents of interest from the briquettes to the surrounding environment 
is necessary. The model developed by Duedall et al., (1983) assumes zero surface concentration 
but the leachate used during the DLT contains 6 mmol·L-1 of Ca2+ and 10 mmol·L-1 of SO42- thus 
the assumption of zero surface concentration cannot be true. The model developed by de Groot 
and van der Sloot (1992) considers non-zero concentration at the solid/liquid interface and states 
that the cumulative flux rate versus time on logarithmic scale represents the release process with 
slopes +1.0, +0.5 and 0 corresponding to dissolution, diffusion and surface wash off, 
respectively. This procedure does not give information if more than one process is occurring 
simultaneously at any given time. The diffusion model developed by Guo et al., (2004) 
incorporates non zero concentrations at the solid liquid interface and adopts statistical regression 
to differentiate dissolution, diffusion and surface wash off mechanisms involved in the leaching 
of Ca2+ and SO42- at any given time. This model was used to calculate the De for Ca2+ and SO42- 
leaching out of the briquettes from the 77-day dynamic leaching data. The model assumes that 
(1) the constituents of interest are distributed homogeneously before the specimen is subjected to 
leaching; (2) constant concentration of the constituent of interest at the solid/liquid interface; (3) 
the concentration at the center of the solid does not change during the leaching period (infinite 
solid assumption); (4) infinite bath assumption, (5) the diffusion processes by which the 
contaminant moves through the solid can be described by Fick’s 2nd Law of diffusion.   
For the boundary conditions: 
at x = 0, C = C1  (ion concentration at the solid/solution interface)                  










)                             (2.12) 
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J (t) 0→x t
DCC eo π
)( 1−=                   (2.13) 
where, 
 J(t) = flux of diffusing ions at the unit area and unit time, through the interface of solid/solution 
(mg·cm-2·d-1) 
C1 = average concentration of the ions (mg·cm-3) diffusion during the entire leaching period. 
  Integrating the equation (2.13) gives the cumulative flux, F(t), of the diffusing ions in 
unit time and through a unit interface area of solid/solution.  
F (t) tCCKtDCC oeo )()(2 121 −=−= π
                                                 (2.14) 
where,   
=2K π
eD2                                      (2.15) 
Assuming diffusing ions do not participate   in any chemical reactions, the cumulative 
flux is constant for any given value of x 
 F (t) 0→x = F (t) x = F (t)                                        (2.16) 
 The statistical regression model developed by Guo et al., (2004) inputs the 
experimentally obtained cumulative fluxes to delineate surface wash-off (F(t)sw) K1 )( 1CCo − ;  
diffusion (F(t)d) K2 )( 1CCo − t ; and  dissolution (F(t)ds) K3 )( 1CCo − t . Thus, the complete 
reaction (F (t)c) can be represented in equation 2.17 
F(t)c = K1 )( 1CCo −  + K2 )( 1CCo − t  + K3 )( 1CCo − t + ei                   (2.17) 
where, 
 K1 = rate constant for surface wash off (cm) 
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 K2 = rate constant for diffusion (cm·d-0.5) 
 K3 = rate constant for first order dissolution (cm·d-1) 
 ei = random error term assumed to be normally distributed with mean equal to zero and a 
common variance.  
For using this model, the cumulative flux required as input for the SAS program is 
calculated as:  
JJJ nn += −1                     (2.18) 
where, 
n = time period for renewal of leachate. 
K1 )( 1CCo − , K2 )( 1CCo − , K3 )( 1CCo −  and ei are determined from the output of the SAS 
program (Appendix B). Co and C1 values are directly measured from the briquette and DLT 
respectively. Using all the known parameters K1, K2 and K3 can be calculated. Thus with K2 
determined De is calculated using the equation 2.15. 
 Using this model the reactions occurring at any give time (t) can be calculated. Critical 
time (tc) is defined, as the minimum number of days needed for the precipitation processes to 
equal and surpass diffusional processes. This is found by differentiating equation 2.17 to find the 
daily flux. 





=              (2.19) 














Ktc              (2.20) 
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Equation (2.19) can be used to plot the daily flux of over all reaction/ daily flux of the tow 
components (diffusion, precipitation). Tc can be calculated from the x-intercept of the overall 
reaction or alternatively equation 2.20 can be used. 
2.2.4.3 Measurement of Initial Content of Constituents of Interest in the Composites 
The initial amount of Ca2+/SO42- present in the stabilized waste form is important to 
calculate De and is different from the maximum amount of ions available for leaching in the 
stabilized form. To correctly estimate the Co values for calculation of De, Co was calculated using 
four different methods; theoretical, acid digestion, determination of maximum solubility of the 
crushed stabilized matrix in 20ppT salt water and determination of maximum solubility of the 
crushed stabilized matrix in deionized (DI) water.  A description of these processes is given 
below. 
• Theoretical calculation (Co Theoretical): Assuming the source for Ca2+ and SO42- diffusing out of 
the stabilized matrix is the dissociation of CaSO4 present only in FGD sludge, CoTheoretical for a 
composite combination was calculated using the percent by weight of the FGD sludge 
(CaSO4·2 H2O) present in the stabilized composite combination. Co Theoretical (Medici et al., 
1989; Batchelor, 1990; Bishop et al., 1992; de Groot and van der Sloot, 1992; Ibanez et al., 
1998) considers the amount of Ca2+ and SO42- present only in the FGD sludge, thus the Ca2+ 
and SO42- present in Class C fly ash and Portland Type II cement are ignored. 
• Acid digestion (Co Acid Digestion):  A mixture of 3ml hydrochloric acid (HCl) and 9ml of nitric 
acid (HNO3) was added to 0.5grams of finely ground sample and digested in the CEM 
Microwave Sample Preparation System, Model MARS 5TM according to EPA SW 846 Method 
3051 (USEPA, 1994).  The filtrate from the digested sample was then analyzed using IC to 
determine the concentration of Ca2+ and SO42- present in the sample.  
 36
• Maximum solubility of composite combinations in artificial salt water (Co Salt water):  0.25 
grams of the finely ground briquette of each composite combination was dissolved in 1000 ml 
of 20 ppT saltwater and constantly stirred for three days to reach equilibrium. This sample was 
analyzed using IC to identify the maximum leachable amount of Ca2+ and SO42. 
• Maximum solubility of the composite combinations in DI water (Co DI water): This was 
conducted similar to the procedure adopted to find the maximum solubility of the composite 
combination in salt water. However, DI water was used as solvent instead of salt water.  
2.2.5 Field Submergence  
 
To determine the effect of the marine environment on the physical integrity of the 
stabilized composites one block of each composite combination was submerged in the water 
column at the Louisiana Universities Marine Consortium (LUMCON) satellite camp, Port 
Fourchon, Louisiana on July 14th 2002. The salinity at the Port Fourchon Bay annually ranges 
from 23 to 26 ppT and the temperature ranges annually from 6 to 32oC. The blocks were 
suspended in the water column by using polypropylene autoclaving baskets, (23cm x 23cmx 
23cm, NalgeneTM). The box was immersed in such a way that the maximum surface area of each 
block was exposed to the seawater. Initial dimensions of the blocks were noted before they were 
submerged. Physical observations and dimensions of the blocks were measured every other 
month for six months. 
2.2.6 Cost Analysis 
 
Production cost is an important factor to decide which combinations are to be selected for 
further studies. The cost estimate procedure developed by Rusch et al., (2001) was adopted to 
calculate the cost of production for each composite combination (Appendix J). The cost of raw 
materials was found for Baton Rouge, Louisiana and Tampa, Florida for the years 2001 and 2003 
 37
(Table 2.6). The cost estimates for production of FGD briquettes were obtained using the 
ingredient costs without offsetting the FGD disposal costs and also assuming that raw FGD 
which has 56 - 62% of moisture content to be air-dried before using it for fabrication. The cost of 
Portland Type II cement for Tampa, Florida was obtained from Cemex Cement Plant in 
Brooksville, FL and for Baton Rouge it was obtained from River Cement Co., Darrow, LA.  The 
cost of Class C fly ash in Florida and Baton Rouge was obtained from Bayou Ash, Inc., Baton 
Rouge, LA.  
Table 2.6 Cost of raw materials used in fabrication of FGD blocks/briquettes 

















(a) Includes transportation cost of raw material to the briquette producing facility. 
2.3 Results and Discussions 
2.3.1 Characterization of Raw FGD Sludge 
 
The results from wet chemical analysis of raw FGD sludge are presented in Table 2.7.  It 
is observed that Ca and S were the major elements and, except for boron (B), all the other heavy 
metals (i.e., Cd, Cr, Ni, Pb and Se) that are commonly found in FGD sludge (Clark et al., 2001; 
Butalia,1999) were not detected. This could be attributed to variations in the source of coal 
burned (Kalyoncu, 2000).  









Al B Ca Cu Fe Mg Mn P Zn S K 
Content 4670 471 1.7E5 30 3160 3390 7300 20 480 1.3E5 8950 
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The XRD patterns of raw FGD sludge plotted against milling time is presented in Figure 
2.4. It is interesting to note that the CaSO3 phase is absent and CaSO4 was identified as the major 
constituent with quartz and calcium hydroxide (Ca(OH)2) being present in trace amounts. The 
absence of CaSO3 could be attributed to the fact that the composition of FGD obtained differs 
with each batch (Malhotra and Valambie, 2002) and it is also possible that CaSO3 if present in 
smaller quantities might have oxidized to CaSO4. These results are consistent with the 
observations made by Malhotra and Valambie, 2002. 
 
 
Figure 2. 4 X-ray diffraction patterns of raw FGD 
 
2.3.2 Screening Results 
2.3.2.1 Dynamic Leaching   
The leachate obtained from the 11-day DLT was analyzed for Ca2+and SO42-. The mean 
effective diffusion coefficients (De) for Ca2+ and SO42- calculated using the model discussed in 
the section 2.2.4.1 were 1.64 - 3.39 x10-13 m2·s-1and 1.02 - 2.45 x10-13 m2·s-1 for Ca2+ and SO42-, 






















respectively. 77%:20%:3%; 64%:35%:1%; 63%:35%:2% combinations met the criteria set for 
the maximum De for Ca2+ (2.0 x 10-13 m2·s-1) and SO42- (2.1 x 10-13 m2·s-1). The 69%:30%:1% 
and 67%:30%:3% combinations met the SO42- requirement, but had De of Ca2+ slightly higher 
than 2.0 x 10-13 m2·s- 1. 
Table 2.8 De of Ca2+ and SO42-calculated from the initial ten composite combinations 
 
2.3.2.2 Results of Field Submergence Studies for Blocks 
Physical observations were made and dimensions recorded once every two months. The 
summary of the dimensions recorded is presented in Table 2.9.  The dimensions were recorded 
for the same points whenever measured, thus increase in the dimension is due to attaching of any 
biomass to the block. Due to dissolution, 73%: 25%: 2%; 68%: 30%: 2% and 60%: 40%:0% 
composite combinations came out of the tags in which they were tied; these blocks are reported 
as ‘lost’ in Table 2.9. The remaining composite combinations survived and did not undergo 
major degradation. Apart from maintaining physical integrity, these blocks did not show any 
signs of degradation (Figure 2.5).  Due to the growth of organisms on the blocks the net surface 
Sulfate (SO42-) Calcium (Ca2+) FGD sludge: Class C Fly ash: 
Portland Type II cement  Mean De 
(m2·s- 1×10-13) (n=2) 
Mean De 
(m2·s-1×10-13) (n=2) 
77%:20%:3% 1.296 2.068 
73%:25%:2% 2.348 3.086 
72%:30%:3% 2.174 3.393 
69%:30%:1% 2.143 2.452 
68%:30%:1% 2.304 2.231 
67%:30%:3% 1.643 2.486 
64%:35%:1% 1.051 1.638 
63%:35%:2% 1.022 2.046 
62%:35%:3% 1.683 3.079 





64%:35%:1% 62%:35%:3% 67%:30%:3% 
area of the blocks being exposed to the saltwater environment is reduced. This reduction in the 
surface area serves to be beneficial to the block as the biological growth acts as hindrance against 
wave action and the ingress of salt water into the block.  
Table 2.9 Measurement of dimensions of the FGD: Class C fly ash: Portland Type II blocks 
subjected to field submergence 



















77%: 20%: 3% 30.30 39.70 31.30 40.10 31.50 39.60 30.5 39.2 
73%: 25%: 2% 32.70 39.50 29.90 38.70 Lost Lost Lost Lost 
72%: 25%: 3% 32.10 39.60 32.20 39.70 35.60 40.90 44.3 57.8 
69%: 30%: 1% 31.70 39.30 32.60 39.50 33.10 40.10 30.7 41.2 
68%: 30%: 2% 33.40 39.00 Lost Lost Lost Lost Lost Lost 
67%: 30%: 3% 30.90 39.30 30.80 40.80 31.30 40.30 31.3 40.8 
64%: 35%: 1% 33.80 39.30 34.30 39.10 36.50 40.40 41.8 39.8 
63%: 35%: 2% 32.10 39.30 33.20 39.70 41.3 40.50 46.4 42.2 
62%: 35%: 3% 33.40 39.30 34.00 40.60 34.3 40.40 38.1 45.9 
60%: 40%:0% 31.60 39.40 Lost Lost Lost Lost Lost Lost 





Figure 2.5 Blocks after six months of field submergence 
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2.3.2.3 Cost Analysis 
The procedure developed by Rusch et al., 2001, was adopted to calculate the costs for 
fabrication of briquettes in Louisiana and Florida (Table 2.10). This method assumes a 
hypothetical PG briquetting plant location in Riverview, FL with a production capacity of 4.1 
million metric tons a year. Comparison of production cost for year 2001 and 2003 is made to 
identify the effects of market conditions (inflation) on the cost of fabrication. This cost estimate 
includes capital, operation and closure costs but the offset disposal costs of FGD sludge are not 
included. The transportation cost of Class C fly ash. Portland Type II cement is included and for 
FGD sludge it is assumed to be zero. 
Table 2.10 Cost estimate ($ per ton) for the ten composite combinations 
Cost of Production Year 2001 a, b, c,d Cost of Production Year 2003 b, c,d Composite 
Combination Florida Louisiana Florida Louisiana 
77%: 20%: 3% 10.32 9.21 11.42 11.35 
73%: 25%: 2% 10.80 9.30 12.03 11.81 
72%: 25%: 3% 11.48 10.04 12.82 12.65 
69%: 30%: 1% 11.28 9.39 12.60 12.28 
68%: 30%: 2% 11.92 10.13 13.39 13.11 
67%: 30%: 3% 12.64 10.87 14.18 13.95 
64%: 35%: 1% 12.43 10.22 13.96 13.58 
63%: 35%: 2% 13.11 10.97 14.76 14.41 
62%: 35%: 3% 13.79 11.71 15.54 15.25 
60%: 40%:0% 12.91 10.32 14.53 14.04 
(a) The Year 2001 costs were used for screening the ten FGD composites. 
(b) Costs are estimated without factoring the offset cost of FGD 
(c) Raw FGD was obtained free of cost. 
(d) Does not include transportation cost of the briquettes to the end user. 
2.3.2.4 Selection of Combinations from Screening Tests 
The composite combinations, which have performed best during the 11-day DLT, six 
moths of field submergence and have lower cost of production, were selected for further testing. 
Based on the evaluation matrix the combinations selected (bold) are presented in Table 2.11.  
The five composite combinations selected based on the evaluation matrix have mean De in the 
range of 1.638 - 2.486×10-13 m2·s-1 for Ca2+ and 1.022 - 2.143 ×10-13 m2·s-1 for SO42-. The 
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estimated cost of production for the selected composites ranged from a minimum of $9.21·ton-1 
77%:20%:03% and maximum of $10.87·ton-1 for 67%:30%:03% in year 2001.  
2.3.3 Further Evaluation of Selected Five Composite Combinations 
 
Briquettes were fabricated to further test the composite combinations selected from the 
screening process. The 63%FGD sludge: 35% Class C fly ash: 2% Portland Type II cement 
composite combination, which performed best during the screening process, was fabricated in 
two different sizes to see if change in the fabrication parameters (pressure, size) affected the 
diffusion process. 
Table 2.11 The application of De, field submergence and economic criteria to select the 










 ($·ton-1)  
77%: 20%: 3% 2.068 1.296 Survived 9.21 
73%: 25%: 2% 3.086 2.348 Lost 9.30 
72%: 25%: 3% 3.393 2.174 Survived 10.04 
69%: 30%: 1% 2.452 2.143 Survived 9.39 
68%: 30%: 2% 2.231 2.304 Lost 10.13 
67%: 30%: 3% 2.486 1.643 Survived 10.87 
64%: 35%: 1% 1.638 1.051 Survived 10.22 
63%: 35%: 2% 2.046 1.022 Survived 10.32 
62%: 35%: 3% 3.079 1.683 Survived 11.71 
60%: 40%:0% 2.725 2.451 Lost 10.32 
 *The year 2001 costs were used for screening the ten FGD composites. 
 
2.3.3.1 Determining the Influence of Varying Initial Content of Calcium and Sulfate on De 
Values.  
The Co values calculated from the four different methods discussed in section 2.2.4.3 are 
presented in Table 2.12.  For both the ions (Ca2+and SO42-) the Co DI water is least.  The De values 
for Ca2+ and SO42- calculated using Co Saltwater, Co Theoretical, Co Acid digestion, Co DI water is presented in 
Table 2.13 and Table 2.14, respectively. When the briquette is subjected to acid digestion the 
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calcium from Class C fly ash and Portland Type II cement is also available, thus the Co Acid digestion 
for Ca2+ is almost double when compared to the Co values obtained from the other methods. 
Table 2.12 Co values calculated for calcium and sulfate based on different conditions 
Co Theoretical Co Acid digestion Co Saltwater Co DI water Composite 
Combination Ca 2+ SO42- Ca 2+ * SO42- Ca 2+ SO42- Ca 2+ SO42- 
77:20:03 358.2 858.6 616.9 824.9 320.9 834.3 220.3 464.9 
69:30:01 314.4 753.6 562.3 574.9 355.7 700.6 203.7 418.9 
67:30:03 301.8 723.5 607.8 665.3 325.5 882.1 186.3 382.9 
64:35:01 272.3 652.6 738.4 714.2 351.7 869.1 239.8 422.6 
63:35:02 285.5 684.2 693.9 931.0 323.5 856.1 222.2 391.6 
* Due to acid digestion calcium from Class C fly ash and Portland Type II cement is also included. 
 
Table 2.13 Comparison of De values for Ca2+obtained from different Co values 











  77:20:03 4.87E-13 1.64E-13 6.06E-13 1.29E-12 
69:30:01 4.95E-13 1.55E-13 3.87E-13 1.18E-12 
67:30:03 6.30E-13 1.55E-13 5.42E-13 1.66E-12 
64:35:01 7.01E-13 0.95E-13 4.20E-13 9.05E-13 
63:35:02 6.60E-13 1.12E-13 5.14E-13 1.09E-12 
*Calculated using equation 2.15. 
 
Table 2.14 Comparison of De values for SO42-obtained using different Co values 









77:20:03 0.78E-13 0.73E-14 0.71E-13 2.31E-13 
69:30:01 1.22E-13 2.10E-13 1.41E-13 3.96E-13 
67:30:03      1.10E-13 1.30E-13 0.74E-13 3.92E-13 
64:35:01 3.22E-13 2.69E-13 1.81E-13 7.70E-13 
63:35:02 3.71E-13 2.00E-13 2.37E-13 1.13E-12 
*Calculated using equation 2.15. 
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The De values calculated using Co Acid digestion, Co DI water can be eliminated as neither of 
them represent the true scenario i.e. leaching in 20 ppT salt water matrix.  The De values for 
Ca2+/ SO42- calculated using Co Saltwater and Co Theoretical are in the same order; hence Co Theoretical is 
adopted to represent the maximum amount of Ca2+/ SO42- available for leaching.   
2.3.3.2 Effective Diffusion Coefficients of Calcium and Sulfate for the Briquettes 
Using the concentrations of Ca2+/SO42- 
measured in the leachate obtained at regular 
intervals during the 77-day dynamic leaching 
tests, the cumulative flux (mg·cm-2) was 
calculated from equation 2.17.  The mean 
cumulative flux rates (mg·cm-2·d-1) of Ca2+ 
and SO42- for the five composite combinations 
as a function of time is illustrated in Figures 
2.6 and 2.7 respectively.  It is observed that 
there is a steep increase in the release rate for 
both Ca2+ and SO42- during the initial (11-day) 
period after which the release rate remains 
constant.  After initial phase of leaching the 
surface is depleted of Ca2+ and SO42- (de Groot 
and van der Sloot, 1992). Hence, the release 
rates of Ca2+ and SO42- reach a constant value 
after the initial phase of leaching (11-day).  





























Figure 2.6 Plots of cumulative flux rates versus 































Figure 2.7 Plots of cumulative flux rate versus 
time of SO42- for 77-day DLT data. 
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constant rate (for both Ca2+ and SO42-) after 28 days. Thus the use of 77-day DLT data instead of 
the standard 90-day DLT data can be justified to predict the long term leaching behavior of the 
composite combinations in the marine environments. 
The rate constants for surface wash off (K1, cm), diffusion (K2, cm·d-0.5) and first order 
dissolution (K3, cm·d-0.5) were calculated using the model described in section 2.2.4.2 (Table 
2.15). It was observed that K1 for all the composites combinations and for both Ca2+ and SO42- is 
zero, implying that there was no surface wash off and only diffusion and first order dissolution 
were involved in the transfer of Ca2+/SO42- to the leachate. K3 is observed to be negative for all 
the composite combinations implying that the first order reaction is precipitation process. K1 
(cm) and K3 (cm·d-0.5) of SO42- for 77%:20%:03% composite combination is zero, indicating the 
process of transfer of SO42- from the briquette to the leachate is pure diffusion. 
Table 2.15 K1, K2, and K3 used for calculation of De for Ca2+ and SO42- 
Calcium Sulfate 
Composite 
Combination K1 (cm) K2 (cm·d-0.5) K3 (cm·d-1)a K1 (cm) K2 (cm·d-0.5) K3 (cm·d-1)a,b 
77:20:03 0  0.023 -0.001 0 0.009 0.000 
69:30:01 0 0.031 -0.001 0 0.012 0.000 
67:30:03 0 0.026 -0.001 0 0.011 0.000 
64:35:01 0 0.028 -0.001 0 0.019 0.000 
63:35:02 0 0.027 -0.001 0 0.020 -0.001 
63:35:02 (s) 0 0.019 -0.001 0 0.012 0.000 
(a) Negative values indicate the first order reaction is resulting in precipitation. 
(b) K3 value for only 77%:20%:03% is absolute zero, for all the other combinations they have been rounded to nearest decimal place 
 
Using the diffusion rate constant (K2, cm·d-0.5), initial content (Co Theoretical, mg·cm-3) of 
Ca2+/SO42- in the briquette and the average concentration of Ca2+/SO42- (C1, mg·cm-3), the De 
(m2·s-1) of Ca2+ and SO42- was calculated from equation 2.17. The mean De range from 4.87-
7.01x 10-13m2·s-1 for Ca2+ and 0.68 – 3.71x 10-13 m2·s-1 for SO42- (Table 2.16).   
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Table 2.16 Effective diffusion coefficients of Ca2+ and SO42- estimated for FGD: Class C fly ash: 
Portland Type II cement composite briquettes subjected to the 77-day DLT 















77:20:03 358.233 0.276 4.87E-13 856.655 0.437 0.68E-13 
69:30:01 314.387 0.238 4.95E-13 753.559 0.450 1.22E-13 
67:30:03 301.825 0.226 6.30E-13 723448 0.379 1.10E-13 
64:35:01 272.263 0.225 7.01E-13 652.591 0.473 3.22E-13 
63:35:02 285.456 0.211 6.60E-13 684.214 0.433 3.71E-13 
63:35:2 (s) 301.831 0.162 3.45E-13 717.036 1.433 1.39E-13 
 
The De values of Ca2+ and SO42- are similar to (10-13- 10-14 m2·s-1) obtained for PG: Class 
C fly ash: Portland Type II cement composites (Guo et al., 2001; Deshpande, 2003). (2.9 -12 
x10-13 m2·s-1) the results obtained for FGD:Class C fly ash: Lime blocks (Hockley and van der 
Sloot, 1991), (4.1x10-13 – 2.41x10-14 m2·s-1) observed for FGD:Portland cement composites 
(Ibanez et al., 1998) and lower than (10-11 m2·s-1) obtained for Fly ash: FGD sludge (Duedall et 
al., 1983).  The PG: Class C fly ash: Portland Type II cement composites have survived for more 
than two years in the marine environment and the FGD:Class C fly ash :Lime blocks survived for 
more than eight years in salt water. Based on the De values of Ca2+ and SO42- long term 
survivability of the FGD:Class C fly ash:Portland Type II cement can be predicted. 
The De values of Ca2+ and SO42- obtained for the smaller size composite of 63%: 35%:2% 
is lower than the De values obtained for the same composite combination in larger size (Table 
2.16). This could be attributed to two factors (1) surface area and (2) difference in fabrication 
pressure. With smaller surface area available for leaching lower De values are observed (Duedall 
et al., 1983). Capillary porosity that controls the diffusion phase is controlled by fabrication 
pressure (Medici et al., 1989). Thus, reduced surface area and increase in the fabrication pressure 
(from 6.3 x 107 to 14.3 x 107 N·m-2) could attribute to the lower De values.  
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 2.3.3.3 Estimation of Critical Time (tc) for the Briquettes 
The critical time (tc) calculated from plotting overall reaction rate against time for Ca2+ 
and SO42- is presented in Figures 2.8 and 2.9 respectively. The tc values range from 98 to 186 
days for Ca2+ implying the precipitation of calcium ions will counter balance the diffusion 
process within this time period. These values are lower that (300 - 900days) obtained for 
PG:Class C fly ash: Portland Type II cement composites, which survived 14 months saltwater 
submergence (Guo et al., 2004). The tc values obtained for SO42- range from and 106 days to 
infinity, which is higher than 80-120days obtained for PG composites (Guo et al., 2004). The 
fact that tc is infinity for 77%:20%:03% based on the overall reaction of SO42- implies that the 
process of SO42- leaching out from the briquette is pure diffusion. As PG and FGD contain the 
same major component, CaSO4·2H2O the similarity in tc values obtained for FGD composites 
with PG composites suggests long-term survivability of FGD composites in the marine 
environment. 
2.3.5 Determination of Possible Reactions Occurring in the Leachate 
 
 Many possible reactions can occur in the leachate due to release of Ca2+, SO42-and Mg2+ 
from the briquettes. The results of chemical equilibrium calculations to determine the possibility 
of precipitation of MgSO4, Mg(OH)2, Mg(CO3)2 and CaCO3  are presented in  Table 2.17. The 
leachate was analyzed for ions, hence free activity coefficients were used to calculate the ion 
products.  The possibility of formation of CaCO3 was high where as MgSO4, Mg(OH)2 and 
Mg(CO3)2 are impossible to form. Formation of CaCO3 coating is advantageous as it protects the 
briquettes from the saltwater attack and reduces diffusion (Guo, 1998).   
Efforts were made to quantify any reactions occurring in the pore space of the briquettes 


















































































































































































tc = 219 days
could not be reached because a mixture of HNO3 + HCl was used for digestion instead of HF-
H3BO3 (Appendix C). 
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Table 2.17 Calculation of Ion Products to find the possibility of formation of various compounds 
 69%:30%:1% 67%:30%:3% 64%:35%:1% 77%:20%:3% 63%:35%:2% 63%:35%:2%(s) 
{Mg2+} 7.499E-03 7.615E-03 7.649E-03 7.542E-03 7.579E-03 7.467E-03 
{SO42-} 2.570E-03 2.481E-03 2.598E-03 2.553E-03 2.623E-03 2.468E-03 
Ion 
Product 1.927E-05 1.889E-05 1.987E-05 1.926E-05 1.988E-05 1.843E-05 
Ksp/Ion 
Product 3.061E+01 3.123E+01 2.969E+01 3.064E+01 2.968E+01 3.20E+01 
{Mg2+} 7.499E-03 7.615E-03 7.649E-03 7.542E-03 7.579E-03 7.467E-03 
{OH-} 7.977E-11 5.815E-12 6.021E-11 1.018E-10 4.080E-12 2.926E-11 
Ion 
Product 5.981E-13 4.429E-14 4.606E-13 7.680E-13 3.092E-14 2.185E-13 
Ksp/Ion 
Product 1.505E+01 2.032E+02 1.954E+01 1.172E+01 2.911E+02 4.120E+01 
{Mg2+} 7.499E-03 7.615E-03 7.649E-03 7.542E-03 7.579E-03 7.467E-03 
{CO32-} 2.446E-04 2.271E-04 2.400E-04 2.531E-04 2.228E-04 2.101E-04 
Ion 
Product 1.834E-06 1.730E-06 1.836E-06 1.909E-06 1.688E-06 1.569E-06 
Ksp/Ion 
Product 2.181E+01 2.313E+01 2.179E+01 2.095E+01 2.369E+01 2.549E+01 
{Ca2+} 3.30E-03 3.74E-03 3.70E-03 3.66E-03 3.89E-03 3.58E-03 
{CO32-} 2.10E-04 2.45E-04 2.27E-04 2.40E-04 2.53E-04 2.23E-04 
Ion 
Product 6.94E-07 9.16E-07 8.39E-07 8.78E-07 9.86E-07 7.97E-07 
Ksp/Ion 
Product 0.007 0.005 0.006 0.006 0.005 0.006 
* Activity coefficients for Mg2+, SO42- and CO32- are 0.36, 0.12 and 0.2 respectively. Ksp values for MgSO4= 5.93 x 
10-3, Mg(OH)2 = 9.0 x 10-3,  Mg(CO3)2 = 4.0 x 10-5 and Ca(CO3)2 = 5.0 x 10-9 . All these values were obtained from 
Sawyer et al.,1999. 
 
2.4 Conclusions  
 This research aimed at stabilizing FGD sludge with Class C fly ash and Portland Type II 
cement to identify composite combinations that are economically feasible to fabricate, and can 
survive under natural saltwater conditions. Analysis of raw FGD determined that the FGD used 
in this research was rich in gypsum (CaSO4). Initially ten composite combinations were screened 
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to select five composite 
combinations based on De, economic 
analysis, and field submergence 
results. The selected composites 
were subjected to 77-day DLT. As 
seen in Figures 2.10 and 2.11 the 
blocks and briquettes have negligible  
deterioration when subjected to the 
11-day and 77-day dynamic leaching 
test respectively.  The De values of 
all the five composite combinations 
being similar, cost estimation was 
used as the basis for further selection 
of four composite combinations. The 
composite combinations (i.e.) 
77%:20%:3%; 69%:30%:1%; 
64%:35%:1%; 67%:30%:3% were selected as the best combinations with cost of production 
being below $14.00·ton-1 (2003). Experimental calculations carried out to determine Co value for 
calculation of De for the present scenario concluded Co Theoretical to be most representative. 
Chemical equilibrium calculation indicated a high possibility of formation of CaCO3. However, 
detailed studies (XRD, Scanning Electron Microscope) of the composite combinations need to be 
carried out to quantitatively determine these results. It was observed from the results of two 
different sizes of the same composite combination (i.e.) 63% FGD: 35% Class C fly ash: 2% 
Figure 2.11 Comparison of briquettes before and after 
being subjected to 77-day dynamic leaching. 
Figure 2.10 Comparison of blocks before and after 
being subjected to 11-day dynamic leaching. 
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Portland Type II cement that variation in the surface area and fabrication pressure considerably 
changes the De values. Based on the observations of this study it can be concluded that FGD 
sludge can be economically stabilized to produce briquettes for application in marine 
environments with low De values of Ca2+ and SO42-. 
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CHAPTER 3:  EVALUATION OF STABILIZED FGD COMPOSITES FOR 
APPLICATION AS LIGHT WEIGHT FILL MATERIAL IN MARINE 
CONSTRUCTION 
3.1 Introduction  
Coastal erosion, a natural process that affects over 153,000 Km of Unites States coastline 
(USGS, 2001b) poses significant problem when human habitat is too close to the shore. 
Louisiana’s wetlands are lost at the rate of 75 Km2 annually; representing 80% of the total 
wetlands lost each year in the U.S. (USGS, 2001b). Coastal erosion has already caused losses 
equivalent to billions of dollars alone in Louisiana, and this is expected to increase in the future 
(USGS, 2001b).  
There are three major management strategies to respond to coastal erosion: relocation, 
hazard avoidance and coastal protection. Relocation of coastal development and hazard 
avoidance planning address the coastal erosion problem by preventing construction of any 
buildings in the potential erosion zone. Coastal protection strategies are used to reduce the 
potential of beach loss by construction of hard protection devices such as sea walls, revetments, 
bulkheads, etc (Scavia et al., 2001). These structures utilize steel, concrete, rock, treated lumber 
or some combination of these materials in a variety of configurations to absorb or dissipate storm 
wave energy thus minimizing the erosive effects of waves. Located at Ocean Beach in San 
Francisco the O’ Shaughnessy has protected State Highway 1 since 1929 is an excellent example 
of coastal protection structure (Wiegel, 2002). Construction of coastal protection devices 
requires large quantities of materials as aggregates or riprap. Limestone, which is available at 
$36 - $52 per ton, is the most popular fill material used in Louisiana for construction of coastal 
protection structures (LADNR, 2000). If an alternate and less expensive fill material similar to 
Synthetic Lightweight Aggregates (SLAs), which have been successfully used as fill and 
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drainage material in embankments, foundations, retaining walls and utility trenches (Holmstrom 
and Swan 1999), is made available for construction of coastal protection devices it could not 
only make construction of costal protection devices a more economically attractive alternative, 
but also reduce the demand for naturally occurring limestone.  
Coal combustion products (CCPs), which are residues of coal burned in utility boilers and 
fluidized bed combustion units to produce electricity, are widely used in production of 
aggregates (USDOT, 2002).  With the demand for electricity ever increasing (at an estimated rate 
of 1.8% per year until 2020), environmental regulations have become more and more stringent to 
reduce air pollution caused by coal combustion utilities. To comply with the new regulations, the 
power generating utilities are adopting different methods to trap the aerosol particles from the 
flue gas thus producing large quantities of CCPs (Malhotra and Samuel, 2001).  When flue gas is 
passed through scrubbing units, alkaline sorbents (CaCO3, limestone) react with SO2 present in 
the flue gas to produce an off-white slurry, which is a mixture of calcium sulfate and sulfite 
(CaSO4 + CaSO3) known as Flue Gas Desulfurization (FGD) sludge (Clark et al., 2001; USDOT, 
2002).  
In 2001, electric utilities produced 97 million metric tons (MT) of CCPs of which only 
52% were reused, while the rest was land filled or stored in holding ponds (EIA, 2001). The 
disposal or treatment of these wastes represents an ongoing challenge to the power industry. 
CCPs have significant potential to be used as bulk reagents, fills and chemicals in mine 
reclamation (Butalia et al., 2001; Malhotra and Valambie, 2002; Yilmaz et al., 2003).  Among 
the CCPs produced silica fume, fly ash and blast furnace slag have found applications as mineral 
admixtures in concrete (Wu et al., 2003) where as high carbon Type F fly ashes and byproducts 
of SO2 control (FGD sludge) are wasted as they have not found applications as typical 
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construction material. Fly ash being a pozzolanic material (ASTM E 186-97) has been used in 
various combinations with Portland cement and CCPs to produce products for various 
applications (Ibanez et al., 1998). FGD sludge rich in gypsum (CaSO4) content has found many 
applications such as road base material (USDOT, 2002), wall board construction (Malhotra, 
1999), acid mine drainage (Rudisell et al., 2001) and paperless cardboard production (Malhotra 
and Samuel, 2001). Fly ash stabilized with high density polyethylene (HDPE) has been proposed 
as a promising SLA based on the results of specific gravity, grain size distribution and one 
dimensional compression (Holmstrom and Swan, 1999). 
In year 2002, approximately 24 MT of FGD sludge was produced of which only 16% was 
recycled and the remaining sludge was either land filled or stored in holding ponds. To achieve 
the goal of effective utilization of FGD sludge, it is been proposed in this research to explore the 
possible applications of FGD sludge as lightweight fill material in the construction of coastal 








Figure 3.1 Cross section of a retaining wall/back fill. 
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The non-structural function of using FGD sludge to develop lightweight fill material is to 
create a method for reuse of waste products in an economical and environmental friendly way to 
help save naturally occurring material (limestone). As a structural material, the fill is required to 
1) accept loads and support the structure 2) provide regional or local support, 3) reduce the total 
weight of the structure on the base and hence avoid sinking of the base.  
The major objective of this study was to (1) understand the physical characteristics of the 
composite and (2) investigate the potential for use in mechanically stabilized embankment fills.  
3.2 Material and Methods 
The raw materials i.e. raw FGD sludge, Portland Type II cement, Class C fly ash, and the 
stabilized briquettes were subjected to the Toxicity Characteristic Leaching Procedure (TCLP) to 
determine the percent retention of heavy metals in the briquettes. Incomplete factorial design as 
discussed in Guo et al., (2003) was adopted to select five composite combinations for fabrication 
as briquettes. Surface hardness, dry and wet weight studies were performed on the FGD 
briquettes to determine the surface characteristics and porosity of the FGD composites, 
respectively. The engineering properties specific gravity, unit weight (compaction test), angle of 
cohesion (shear test) of the briquettes were determined. The test sample from the compaction test 
was subjected to sieve analysis to determine the magnitude of physical degradation as a result of 
the compaction effect.  Five briquettes of each composite combination were immersed in natural 
saltwater for eight months to assess their long-term survivability and structural integrity under 
continuous submergence conditions. 
3.2.1 Raw Material Characterization 
3.2.1.1 Chemical Composition of Portland Type II Cement 
River Cement Co., St. Louis, Missouri, donated the Portland Type II cement used in this 
study. Portland Type II cement is mildly sulfate-resisting (Whiteneck and Hockney, 1989) and 
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widely used in marine environment was selected for stabilization of FGD sludge. The chemical 
analysis of Portland Type II cement as provided by the manufacturer is presented in Table 3.1. 
Table 3.1 Characterization of Portland Type II Cement (after, River Cement Co., 2002) 
Compound SiO2 Fe2O3 Al2O3 CaO MgO SO3 C3S C3A C4AF LOI* 
Content (%) 21.43 5.14 4.34 63.85 0.90 2.00 52.79 2.81 15.64 1.43 
* Loss on Ignition 
3.2.1.2 Chemical Composition of Class C Fly Ash 
The Class C fly ash used in this study was obtained from Bayou Ash, Erwinville, LA. 
The chemical analysis of the Class C fly ash used in this study was provided by the manufacturer 
(Table 3.2).  
Table 3.2 Characterization of Class C fly ash (after, Bayou Ash Inc., 2002) 
Compound SiO2 Fe2O3 Al2O3 CaO MgO SO3 Na2O LOI 
Content (%) 34.6 6.58 17.83 27.24 6.07 2.45 1.91 0.13 
 
3.2.1.3 Chemical Composition of FGD Sludge 
Raw FGD sludge “as received” from Big Bend Power Plant, Tampa Electric Co., Tampa, 
Florida was analyzed for its major, minor and trace constituents using wet chemical analysis. 
Raw FGD sludge was oven-dried at 45-50°C for 24 hours and ground manually to pass through a 
US Standard Sieve #10. The wet chemical analysis was conducted by analyzing the filtrate 
obtained from digesting approximately 0.5 grams of finely ground FGD sludge with a mixture of 
9ml nitric acid (HNO3) and 3ml hydrochloric acid (HCl) as described by EPA method 3051 
(USEPA, 1994) to determine the major and minor elements in FGD sludge.  
X-ray diffraction analysis (XRD) was conducted to determine the mineralogy of raw 
FGD sludge. A Siemens D 5000 diffractometer with Cu Kα radiation was used to investigate the 
major crystalline phases present in raw FGD.   The runs were conducted from 3o to 70o (2θ), 
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with 0.02o step size, and 2 second counting for each step. A sample spinner was used to lower 
the effective grain size.    
3.2.2 Briquette Fabrication 
 
Incomplete factorial design as discussed in Guo et al., (2003) was adopted to select five 
composite combinations for fabrication as briquettes. Class C fly ash and Portland Type II 
cement were selected as design variables. fabricated as briquettes at K. R. Komarek Briquetting 
Research, Inc., Anniston, Alabama (Table 3.3). One composite combination (63%:35%:2%) was 
fabricated in two different sizes to determine if variation fabrication parameters (size, pressure) 
would significantly affect performance of the briquettes. The fabrication parameters are 
presented in Table 3.4. The briquettes were sealed in plastic bags and cured for 28 days at room 
temperature and 100% humidity prior to subjecting them to any tests. 
Table 3.3 Composition combinations of the stabilized FGD sludge: Class C fly ash:  Portland 
Type II cement briquettes 
FGD Sludge  (%) Class C  fly ash (%) Portland Type II cement (%) 
77 20 3 
69 30 1 
67 30 3 
64 35 1 
63* 35 2 
*This composite combinations was fabricated in two sizes 
Table 3.4 Fabrication parameters for the FGD composite briquettes as provided by K.R. 
Komarek Briquetting Research, Inc., AL  
Briquette Parameter Size One Size Two 
Water Content (%) 4 4 
Fabrication Pressure, (N·m-2) 6.3 x 107 14.3 x 107 
Solid Density, (g·cm-2) 2.02 2.10 
Mass, (g) 58.37 16.08 
Volume, (cm3) 28.89 7.66 
Surface Area, (cm2) 55 25.75 
L(cm)x B(cm)x H(cm) 6.3 x 4.0 x 2.2 4.1 x 2.2 x 1.3 
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3.2.3 TCLP Test  
 
Raw FGD, Class C fly ash, Portland Type II cement and the five composite combinations 
were subjected to TCLP test in accordance with EPA Test Method 1311. Based on the alkalinity 
of the samples, extraction fluid 2 (0.1M acetic acid solution and pH 2.88 ± 0.05) was selected for 
conducting TCLP test. One hundred grams of the crushed sample passing through US Stand 
Sieve #10 was agitated with 2000ml of extraction fluid (ratio 20: 1) for 20 hours and filtered 
using 7 µm glass fiber filter to obtain the TCLP extract. The extract was digested with HNO3 
according to EPA SW 846 Method 3015 (USEPA, 1992). The quality of the extract is a measure 
of the effectiveness of the stabilized/solidified (s/s) processes (Yilmaz et al., 2003). The filtrate 
from digestion of TCLP leachate from raw materials and the briquettes was analyzed using 
Inductively Coupled Argon Plasma (I-CAP) to quantify the amount of trace elements (i.e. arsenic 
(As), cadmium (Cd), lead (Pb) and selenium (Se) present).   
3.2.4 Engineering Properties 
 
 The engineering tests were selected to evaluate the stabilized FGD: Class C fly ash: 
Portland Type II cement composites as a geotechnical material having specific and measurable 
properties. American Society for Testing and Materials (ASTM) standard procedures were 
employed to measure the desired physical and engineering properties. All the experiments were 
conducted in triplicate for each composite combination to permit statistical evaluation of the 
data. Surface hardness and wet/dry study measurements were conducted on control briquettes 
(not subjected to any kind of treatment) and leached briquettes (subjected to 77-day leaching in 
20ppT artificial salt water) to compare if any signification changes in the surface properties have 
occurred due to 77-day leaching. 
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3.2.5 Surface Hardness 
 
 Surface hardness is not a typical geotechnical test but it provides a measure of the 
resistance to penetration. The surface hardness factor is related to the density and strength of the 
product. It gives an estimation of quality of surfacial degradation under variable environmental 
conditions (Guo, 1998). Surface hardness was measured using a WF21510-Cone Penetrometer 
(Humboldt Mfg., Inc.) according to the British Standards Methods of Testing Soils for 
Engineering Purposes (BS1377: 1975). Surface hardness was measured at six different points on 
each control and leached briquette. The average of these six values was used to represent the 
surface hardness of the briquette. One-way ANOVA was used to compare the values obtained 
for the control and leached briquettes. 
3.2.6 Dry/wet Weight Study 
 
The pores between the particles of the FGD: Class C fly ash: Portland Type II cement 
briquettes are linked together as a network of channels of various sizes. Through this pore space, 
water and air may flow. The number and size of pores in a briquette directly relates to void space 
present in the briquette. The amount and size distribution of these pores is dependent on 
water/cement ratio, density and the rate of reaction (Ouyang et al., 1998). Leaching of the major 
constituents from the stabilized matrix to the surrounding environment is largely controlled by 
the amount of available surface area and the rate of migration of metals through the pore water 
(Batchelor, 1998). As leaching progresses, the metals and lime leached out from the solid matrix 
thus producing new voids in the briquettes. Hence, to understand the changes in microstructure 
of the solidified waste due to exposure to salt water for long time periods, the briquette’s initial 
pore structure and changes in the pore structure after leaching was studied. Porosity of the 
composites was estimated by determining the weight loss of the composites when submerged in 
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water i.e. wet dry method.  The pore volume was calculated using equation 3.1 and the porosities 
(n, %) were calculated using equation 3.2. The moisture (w) incorporated in the pore spaces of 





12 −=                         (3.1) 
where, 
Pv = pore volume (cm3) 
W1 = weight of the briquette after drying it fro 24 hours in the oven at 40°C (g) 
W2 = weight of the briquette after soaking in water for 24 hours (g) 
ρw = density of water (1.0 g·cm-3) 
V
P
n v=%                          (3.2) 
where, 
V = volume of the briquette (cm3) 
1W
p
w v=                          (3.3) 
The void ratio (e) was computed using the porosity values obtained for each of the 
control and leached PG composite. The degree of saturation (S) is a measure of the increase in 
volume of water into the pore spaces of the composite as a result of contaminants leaching is 
determined using equation 3.4.  
e
GwS s⋅=                                                                                                (3.4) 
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3.2.7 Specific Gravity 
 
The specific gravity of solids (Gs) is defined as the ratio of density of the substance to 
density of water. Specific gravity of the briquettes, which are proposed as fill materials or coarse 
aggregates, gives first hand information about its suitability as aggregate material. Test 
procedure ASTM: C127-88 was adopted to conduct the experiment. The specific gravity of the 







=                         (3.5) 
where,  
Wa = weight of the briquettes in air (g) 
Ww = weight of the briquettes in water (g) 
3.2.8 Compaction Test 
 
Structural fill materials are preferred to have low unit weight; both Class C fly ash and 
FGD sludge are lightweight materials with unit weights ranging from about 0.8 to 1.6 g·cm-3 
(ASTM E1861). This test was carried out in accordance with (ASTM D698-00a), which is 
designed for coarse aggregates.  Both standard and modified effort was applied. The volume of 
the mould used to perform these tests was 942.95 cm3. Based on the results of standard proctor 
compaction test, one composite combination was selected to be subjected to the modified proctor 
compaction test. All five composite combination briquettes were subjected to the standard 
proctor compaction test. The dry unit weight (γd, g·cm-3) of the compacted material was 
determined using equation 3.6. The moisture content used for fabrication of briquettes (4%) was 
used as the moisture content of the compacted specimen no additional moisture was added 







γγ                        (3.6) 
where, 
γ = moist unit weight of the compacted material (g·cm-3)  
w = moisture content of the composite (%) 
3.2.9 Sieve Analysis 
 
Sieve analysis test was conducted on the sample obtained from the compaction tests. 
Sieve analysis gives a measure of physical degradation the briquettes will undergo when subject 
to placement and compaction under field conditions. The experiment was carried out as outlined 
in ASTM D 422-63 method. The uniformity coefficient (Cu) and coefficient of curvature (Cc) 
were determined using equations 3.7 and 3.8, respectively. These two coefficients are used to 
characterize the particle size distribution according to the Unified Soil Classification System 












=                                    (3.8) 
where, 
D60 = particle diameter corresponding to 60% finer  
D30 = particle diameter corresponding to 30% finer   
D10 = particle diameter corresponding to 10% finer   
3.2.10 Direct Shear Test 
 
Shear strength characteristics of the fill material aid in predicting the stability of an 
embankment.  Because of the larger size and granular like nature of the briquettes, large size 
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direct shear test was conducted for closer approximation of field conditions to determine angle of 
internal friction (φ). This is a strain-controlled test, and under an applied normal load the 
consolidated specimen is sheared at a constant rate. The shear box (30.5cm x 30.5cm x 20.5cm) 
is made of two separate halves. Using four 2.5cm thick slabs the height of the sample was altered 
to 10.5cm. Under applied normal load, the lower box is moved relative to the upper box, thus 
shearing the specimen on the plane that is separating the two halves. The shear force is applied to 
the lower half of the box at a predetermined strain rate. The movement of the lower half of the 
box relative to the stationary upper half is recorded as horizontal displacement by the dial gauge 
fixed to the lower half. The dial gauge attached to the top of the box measures vertical deflection 
(Figure 3.2).  
Figure 3.2 Schematic of the sample box used in the large shear box 
 
The direct shear test imposes stress conditions on the sample that force the failure plane 
to occur on the predetermined plane (i.e. the plane separating the shear box into two halves). The 
two forces acting on this plane are the normal force and the shear force. For a specimen of 
surface area A (cm2), the normal stress (σn, Kg·cm-2) and shearing stress (τ, Kg·cm-2) resulting 
Dial Gauge to measure vertical displacement 
Upper half of the sample box 
Lower half of the sample box 
Jacks for applying horizontal force 
Dial gauge to measure horizontal 
displacement 
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n =σ                          (3.9) 
A
Ph=τ                        (3.10) 
Each composite combination was subjected to a constant shear rate (0.076 cm·min-1) 
under three different normal loads, i.e. 227 kg (500lb) 454 kg (1000lb) and 635 kg (1400lb). For 
each applied normal load and constant shearing rate, shear stress versus horizontal displacement 
was plotted to obtain the maximum shear stress value. With normal stress on the abscissa and 
shear stress on the ordinate, the maximum shear stress obtained for the different normal load was 
plotted; a line was forced through the origin and passing through these points. The angle between 
the straight line and the abscissa is the angle of internal friction (φ). 
3.2.11 Field Submergence Studies 
 
To study the survivability and dissolution potential for the FGD composites in the natural 
saltwater environment, a total of thirty FGD briquettes (five briquettes of each combination and 
size) were submerged at Louisiana Universities Marine Consortium (LUMCON) satellite camp, 
Port Fourchon, Louisiana on November15th 2002. The briquettes were tied with colored tags to 
differentiate among the composite combinations and placed in polypropylene autoclaving basket 
(23cm x 23cm x 24cm, NalgeneTM) for suspension in the water column. Initial measurements 
were taken and the briquettes were placed in the basket to maximize interaction potential with 
various aquatic organisms. Physical observations (photos) and dimensions of the briquettes were 
measured once every two months for a period of eight months.  
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To study if there was any anaerobic reaction’s occurring when the briquettes are 
submerged in the sediments a total of 25 FGD briquettes were tied on the in 23cm x 23cm x 
24cm polypropylene autoclaving basket (NalgeneTM). Different colored tags were used to 
determine the different composite combinations. The box was submerged in the sediment and not 
disturbed for a period of six months. After six moths the box was removed from the sediment to 
determine if the briquettes maintained their physical integrity. 
3.3 Results and Discussion 
 
3.3.1 Characterization of Raw FGD Sludge 
 
The results from wet chemical analysis and XRD patters of raw FGD sludge are 
presented in Table 3.5.and Figure 3.3 respectively.   















Figure 3.3 X-ray diffraction patterns of raw FGD 
Compound 
(ppm) 
Al B Ca Cu Fe Mg Mn P Zn S K 
Content 4670 471 1.7E5 30 3160 3390 7300 20 480 1.3E5 8950 






















Ca and S were identified as the major elements. Expect for boron (B) all the other heavy 
metals (i.e., Cd, Cr, Ni, Pb and Se) that are commonly found in FGD sludge (Clark et al., 2001; 
Butalia and Wolfe, 1999) were not detected. It is interesting to note that the CaSO3 phase is 
absent, and CaSO4 was identified as the major constituent with quartz and calcium hydroxide 
(Ca(OH)2) being present in trace amounts. The absence of CaSO3 could be attributed to the fact 
that the composition of FGD obtained differs with each batch and it is also possible that CaSO3 if 
present in smaller quantities might have oxidized to CaSO4. This could be attributed to variation 
in the source of coal burned (Kalyoncu, 2000).  These results are consistent with the observations 
made by Malhotra and Valambie, (2002).  
3.3.2 TCLP Test 
 
  The results of TCLP analysis conducted on raw FGD sludge, Class C Fly ash, Portland 
Type II cement and the five composite combinations indicate that As, Cd, Pb, Se, B are all below 
detection limits. The detection limits of these compounds are 0.03ppm, 0.03ppm, 0.15ppm, 
0.15ppm, and 0.05ppm, respectively (Appendix D).  
3.3.3 Dry/wet Weight Study 
 
 Comparative results of the wet dry studies performed on the control and leached 
briquettes are reported in Table 3.6. It is seen for all the composite combinations of the same size 
the mean porosities before and after exposure to saltwater is significantly different at 95% 
confidence interval.  When porosities of the two different sizes of the same composite 
combination (i.e.,) 63%: 35%: 2% are compared (Table 3.6), a reduction in porosity with 
increase in fabrication pressure is noticed. The degree of saturation (S) calculated for both the 
control and saltwater exposed briquettes is presented in Table 3.7. An increase in the pore space 
volume and saturation is observed (Figure 3.4) as a result of the leaching. 
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Table 3.6 Results of dry/wet weight analysis for the FGD briquettes.  







Increase in Pore Volume 
(cm3) 
77%:20%:3% 9.115 + 0.200 25.239 + 3.404 3.66 ± 0.97 
69%:30%:1% 13.384 + 0.200 28.475 + 0.970 3.36 ± 0.34 
67%:30%:3% 13.153 + 0.692 26.646 + 1.363 2.90 ± 0.20 
64%:35%:1% 10.269 + 1.707 30.617 + 0.911 4.88 ± 0.61 
63%:35%:2% 10.269 + 1.906 24.343 + 1.005 3.07 ± 0.69 
63%:35%:2%(s) 12.180 + 4.941 29.248 + 1.843 0.48 ± 0.52 
 
Table 3. 7 Degree of Saturation for the control and leached FGD briquettes.  
Control FGD Briquettes Leached FGD Briquettes Composite 
Combination e W (%) S (%) e W (%) S (%) 
77%:20%:3% 0.10 4.54 0.93 0.28 12.82 0.94 
69%:30%:1% 0.16 6.80 0.92 0.33 14.56 0.92 
67%:30%:3% 0.15 6.39 0.89 0.30 12.94 0.91 
64%:35%:1% 0.11 4.80 0.90 0.37 16.35 0.94 
63%:35%:2% 0.11 4.97 0.92 0.26 11.17 0.90 



























Figure 3. 4 Comparison of increase in pore volume   after 77-day submergence for different 
composite combination of the FGD briquettes 
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The results obtained here regarding the 4% increase in pore space due to leaching of 
contaminates is for characterization purposes only an accurate number can be reached if 
advanced procedures such as mercury intrusion method is employed for measuring the porosity. 
3.3.4 Surface Hardness 
 
The surface hardness measured for the control and leached briquettes is listed in Table 
3.8.  Greater the depth of penetration, lower is the surface hardness. It is observed that with 
increase in the content of cement and fly ash in the composite combination the surface hardness 
increases.  
Table 3.8 Results from the analysis of surface hardness of the briquettes.  
Surface Hardness (Mean + STDEV, n =3) Composite Combination 
Control Briquettes Leached Briquettes 
77%: 20%: 3% 79.815 + 10.279 2.998 + 1.596 
69%: 30%: 1% 66.997 + 11.799 2.394 + 0.815 
67%: 30%: 3% 40.053 + 14.896 3.891 + 2.252 
64%: 35%: 1% 39.177 + 6.170 2.184 + 0.718 
63%: 35%: 2% 38.210 + 24.686 2.455 + 0.300 
63%: 35%: 2% (s) 56.766 + 20.060 3.302 + 1.482 
 
The surface hardness of the leached briquettes is lower than the control briquettes. 
Leaching is principally a surface phenomenon so this could result in the reduced surface 
hardness in the leached briquettes (Guo, 1998). Thus, surface hardness may be used as an 
indicator for the surface dissolution potential of the FGD briquettes.  
3.3.5 Specific Gravity  
 
 Specific gravity (Gs) of the briquettes for the five composite combinations was 
determined according to ASTM C127-88 (Table 3.9).  The proposed end use for the briquettes is 
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to use them as fill materials in the construction of coastal protection devices. The fill material 
used in the construction of coastal devices are expected to have specific gravity of greater than 
1.5, as it increases resistance of the embankment to the action of waves or currents (Whitneck 
and Hockney, 1989).  The average Gs value obtained for the five composite combinations was 
2.1, but for the small size briquette it was 2.2.  
Table 3. 9 Specific Gravity for the five FGD: Class C fly ash: Portland Type II cement 
combinations  
Composite Combination Specific Gravity  (Mean + STDEV, n=3)
77%: 20%: 3% 2.045 + 0.007 
69%: 30%: 1% 2.101 + 0.004 
67%: 30%: 3% 2.115 + 0.009 
64%: 35%: 1% 2.141 + 0.009 
63%: 35%: 2% 2.115 + 0.005 
63%: 35%: 2% (s) 2.236 + 0.004 
 
3.3.6 Compaction Test 
 
There are no minimum or maximum values defined for dry unit weight for aggregates to 
be used as fill materials. Fill materials of low unit weight transmit less stress to the soil 
supporting the structure. The mean dry unit weights (γd, g·cm-3) of the compacted briquettes are 
listed in Table 3.10.  
Table 3.10 Compaction dry unit weight determined for the five FGD: Class C fly ash: Portland 
Type II cement combinations.  
Composite Combination Compaction Dry Unit Weight (γd, gm·cm-3) 
 (Mean + STDEV, n= 3) 
77%: 20%: 3% 
69%: 30%: 1% 
67%: 30%: 3% 
64%: 35%: 1% 
63%: 35%: 2% 
63%: 35%: 2% (s) 
63%: 35%: 2% 
1.51 + 0.009 
1.40 + 0.063  
1.49 + 0.005 
1.52 + 0.028 
1.54 + 0.036 
1.50 + 0.013 
1.71 + 0.038 (Modified Compaction) 
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The average dry unit weight for all the composite combinations was 1.5 g·cm-3 and 1.74 
g·cm-3 for standard and modified proctor compaction test respectively. With an average dry unit 
weight of 1.5 g·cm-3 a 533 cm height embankment would be needed to handle 0.8 kg·Cm-2 (1310 
psf) vertical pressure, this would result in reasonably economic structures. 
3.3.7 Sieve Analysis 
 
The crushed material obtained from the compaction tests of the FGD briquettes were 
subjected to the sieve analysis test.  A particle gradation curve obtained by plotting particle size 
(log scale) against percent finer by weight (normal scale) for the compacted samples is shown in 
Figure 3.5. Before compaction, the briquettes were of uniform size, but after being subjected to 
compaction tests, the particle size distribution curve for all the composites corresponds to a well-
graded material. If a material possesses Cu ≥ 6 and 1 ≤ Cc ≤ 3 it is classified as well graded 
(ASTM D2487-92; Das, 1994). The average values for Cu and Cc were 13.52 and 1.34, 
respectively (Table 3.11).  
Table 3.11 Particle uniformity coefficient (Cu) and coefficient of curvature (Cc) determined from 
the sieve analysis data for the briquettes  
Composite Combination Uniformity Coefficient (Cu)  Coefficient of Curvature (Cc) 
77%: 20%: 3% 19.02 1.31 
69%: 30%: 1% 7.93 1.26 
67%: 30%: 3% 11.91 1.16 
64%: 35%: 1% 15.63 1.52 
63%: 35%: 2% 13.11 1.43 
63%: 35%: 2%(s) 12.60 1.79 
63%: 35%: 2%(M)* 13.37 1.23 
*Regular size briquette subjected to modified compaction 
 
 
The crushed material has wide range of grain sizes with less than 1% retained on US 
Sieve # 200 and more than 30% being retained on US Sieve # 40. From these results, FGD 
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briquettes are classified as well-graded sand with little or no fines based on the USCS 
classification (Das, 1994). FGD briquettes being compactable and well graded serve as desirable 












































Figure 3.5 Representative particle distribution diagrams of the different composite combinations. 
 
3.3.8 Direct Shear Test 
 
The shear strength characteristics (cohesion and/or internal friction) are indicative of the 
ability of a fill material to support loads that are imposed upon it under given drainage 
conditions. The results from the direct shear tests conducted on the composite combinations are 
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reported in Table 3.12. The internal friction angle (φ) was determined by plotting a graph for 
applied normal stress and observed maximum shear stress. The data obtained during shearing of 
the sample under different normal loads is presented in Appendix I. The angle made by the line 
passing through origin and best fits through these points is φ (Figure 3.6).  
Table 3.12 Maximum shear stress developed by different composite combinations for the applied 











227 0.259 0.3785 
454 0.498 0.576 77%:20%:03% 
635 0.726 0.803 
48 
227 0.259 0.3150 
454 0.498 0.5380 69%:30%:01% 
635 0.726 0.7695 
49 
227 0.259 0.3160 
454 0.498 0.5760 67%:30%:03% 
635 0.726 0.8120 
48 
227 0.259 0.3360 
454 0.498 0.5765 64%: 35%: 01% 
635 0.726 0.7960 
48 
227 0.259 0.3235 
454 0.498 0.5434 63%: 35%: 02% 
635 0.726 0.7582 
48 
 
The values obtained are similar to expanded shale (unit weight 1.04 g·cm-3), which has 
angle of internal friction of 48°. Depending on the angle of internal friction these briquettes can 
be classified as dense shale (Valsangkar and Holm, 1990; Subramanian, 1995). Holmstrom and 
Swan (1999) reported expanded shale lightweight aggregate to have a peak angle of internal 





































Figure 3.6 Plot of shear force versus normal force to determine the angle of friction 
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Small - 
3.3.9 Field Submergence 
 
The salinity and temperature of the study site was observed to range from 23 to 26 ppT 
and 6 to 32°C respectively. The observations made to determine deterioration of the briquettes is 
summarized in Table 3.13 and Figure 3.7. 
Table 3.13 Results of eight months field submergence studies (n= 5) 
  77%:20%:3% 69%:30%:1% 67%:30%:3% 64%:35%:1% 63%:35%: 2% 
63%:35%:2%
(s) 
Length 62.7 ± 1.12 63.1± 1.03 61.8 ± 0.89 632 ± 2.13 62.8 ± 1.56 41.2 ± 0.97 





Height 23.2 ±  0.96 22.3 ± 1.1 21.2 ± 1.53 22.3 ± 0.84 22.4 ± 2.56 12.8 ± 0.65 
Length 64.4 + 2.15 67.1 + 2.08 62.5 + 0.93 64.42 + 1.19 63.2 + 1.61 42.4 + 1.52 






Height 25.64 + 1.11 27.9 + 2.61 26.4 + 1.53 27.06 + 1.35 26.06 + 1.94 18.42 + 2.71 
Length 63.18 + 2.83 62.7 + 1.09 61.1 + 1.16 61.76 + 1.08 62.98 + 1.01 41.22 + 0.93 






Height 25.96 + 1.72 27.0 + 0.94 26.1 + 2.21 25.08 + 1.34 26.42 + 1.01 16.72 + 0.84 
Length 60.2 + 1.4 62.4 + 1.31 62.6 + 0.45 62.04 + 2.11 62.2 + 1.38 41.12 + 0.59 










Figure 3.7 Pictures of briquettes after eight months of field submergence at Port Fourchon bay. 
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For the first five months, no significant deterioration was observed in any composite 
combination. During the fifth to eight month period one briquette of 69%: 30%: 1% had 
significant deterioration. However, the deterioration was observed in only one briquette of all the 
five briquettes thus, the deterioration may be due to mechanical abrasion.  All the briquettes of 
the five composite combinations maintained their physical integrity with little or no signification 
deterioration, and supporting aquatic growth. The briquettes that were placed in the sediment 
undisturbed for six months did not undergo any major degradation and maintained their physical 
integrity. They did not undergo any deterioration, and any major physical changes were not 
observed. 
3.4 Conclusions 
Chemical composition of raw FGD sludge that is stabilized using Class C fly ash and 
Portland Type II cement was obtained using wet analysis and XRD analysis. The results are in 
agreement with similar works conducted previously by Malhotra and Valambie (2002) and 
Walker et al., (2001). The results obtained from the TCLP analysis of raw materials and the 
composite combinations suggest that the adopted stabilization procedure is successful in 
retaining the elements of concern within the stabilized matrix. The physical characterization 
carried out for the briquettes of different composite combinations and two sizes of the same 
composite combination reveals that the stabilized FGD sludge briquettes have acceptable 
physical characteristics as per ASTM standards for being considered for applications as fill 
materials. As observed in the Table 3.14 stabilized FGD composites have engineering properties 
similar to commonly used fill materials. The results of standard and modified compaction test 
give an indication that the stabilized briquettes behave as uniform well-graded soil with unit 
weight most suitable as lightweight fill material.  
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Table 3.14 Engineering properties of commonly used aggregates (after, Whitneck and Hockney, 
1989)  
Material Porosity (%) φ (Degrees) Gs (g·cm-3) 
Lime Stone 0.4-43 27-50 1.7-2.6 
Sand Stone 0.7-34 27-50 1.2-3.0 
Shale 1.6-33 15-30 16.2.7 
*FGD Composites 9-12 47-48 2.0-2.43 
 *Experimental results of this study. 
  
With the obtained internal angle of friction φ (48°) and low unit weight (2.1g·cm-3) of the 
briquettes reasonably economic structures can be constructed. The results of internal shear angle 
may vary considerably in the wet/dry condition and may be more critical. Thus, it is too early to 
reach a definitive conclusion.  Finally the results obtained from the briquettes subjected to field 
submergence suggest that no major degradation occurs for the observed eight months, and the 
briquettes maintain physical integrity and also support the growth of marine organisms, but long-
term studies need to be conducted to reach any definitive results. Thus from all the above tests it 
can be concluded that the stabilized FGD sludge composites can be proposed to be used as fill 
materials for construction in coastal protection devices. 
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CHAPTER 4: GLOBAL DISCUSSION AND CONCLUSIONS 
The research presented herein investigated the potential of stabilizing Flue Gas 
Desulfurization (FGD) sludge with Class C fly ash and Portland Type II cement to fabricate 
composites for use in marine applications. The thesis was divided into two main sections 
(Chapters 2 and 3), focusing the leaching behavior of calcium and sulfate (Chapter 2) and the 
geotechnical properties (Chapter 3) of the stabilized composites.  The potential of using 
stabilized FGD sludge as a fill material was achieved by studying stabilization achieved through 
the leaching studies and determining structural integrity of the stabilized composites through the 
field submergence study and finally advocating it as a fill material based on the geotechnical test 
results and the production cost. The principal objective was to find the best composite 
combinations among the initial ten composite combinations of FGD: Class C fly ash: Portland 
Type II cement.  
Stabilized FGD composites submerged in saltwater may also provide a feasible 
alternative for its storage in landfills. Ten, composites of FGD: Class C fly ash: Portland Type II 
cement ranging from 60 –77 % of FGD, 20 – 40% of Class C fly ash and 0 – 3% of Portland 
Type II cement by weight were studied to select the best combinations. 
4.1 Field Submergence Study 
The FGD composites were submerged at LUMCON satellite camp, Port Fourchon, 
Louisiana for six months during the screening process and eight months for the five composites 
selected from screening. Physical observations and dimensions of the composites were measured 
at an interval of every two months. All the composites showed promising results. In this 
research, the 77%: 20%: 03% FGD composite (having highest FGD content and also lower 
proportions of fly ash) indicated promising results. Whereas the other combinations (i.e. the 
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73%: 25%: 2%, 72%: 25%: 03%, 68%: 30%: 2%; 62%: 35%: 03% and 60%: 40%: 0% FGD 
composites) showed severe degradation during the submergence study and hence were not 
recommended among the best five combinations. The five composite combination briquettes 
performed good in the field submergence with out any signs of degradation. 
4.2 Dynamic Leaching Tests and TCLP 
A 77-day dynamic leaching study was conducted using artificial saltwater (20‰, Instant 
OceanTM) as leaching media. The concentrations of major constituents (i.e. calcium, sulfate) 
leached during the 77-days leaching period were used to determine their respective effective 
diffusion coefficients using the statistical regression model developed (Guo et al., 2004). The 
leaching behavior of all the FGD composites was found to be similar and the effective calcium 
and sulfate diffusion coefficients ranged 4.87–7.01×10-13 m2·s-1 and 0.67-3.71×10-13 m2·s-1 
respectively. The values obtained are comparable to those obtained from previous researches by 
Duedall et al., 1983; Ibanez et al., 1998 and Guo et al., 2001. The Mg2+, SO42-
Ca2+concentrations, pH, and alkalinity measured in the leachate samples were used to investigate 
the potential precipitation of MgSO4, MgCO3, Mg (OH)2 and CaCO3. Based on the ion activity 
comparisons with the respective solubility products of these compounds, it was concluded that 
the possibility of CaCO3 formation is higher and all the other compounds don’t any chances of 
being formed. TCLP was conducted on raw materials (FGD, Class C fly ash and Portland Type 
II cement) and the five composite combinations briquettes tested in Phase II to assess the 
effectiveness of the adopted s/s technique and to determine the trace metal concentrations 
leached from the FGD composites. The trace metal concentrations (As, Cd, Pb and Se) ranged 
well below the current EPA regulatory limits (for maximum contaminant level) for the TCLP 
leachate.  
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4.3 Economic Analysis for the Production Cost of the FGD Composites 
The cost of the composites was determined using the economic analysis developed by 
Rusch et al., (2001). All five FGD composite combinations will have a production cost less than 
$14.4·ton-1 without considering the offset of FGD disposal. These projected costs are much lower 
than the cost per ton of granite riprap ($27.5·ton-1) currently used as a fill material (Rusch et al., 
2001). The 77%: 20%: 03% FGD: Class C fly ash: Portland Type II cement composite, showed 
promising results in most of the tests and has a production cost of $11.32·ton-1 (year 2003).   
4.4 Engineering Properties of the FGD Composites 
The engineering properties such as specific gravity, dry unit weight and particle size 
distribution of the FGD briquettes were studied and the results indicated that the composite 
material could be classified as well-graded gravel. The USCS classification would qualify the 
FGD briquettes as a potential fill material in embankment construction having excellent 
workability characteristics. Comparing the characteristics of well-graded soil material pertaining 
to embankments or foundations, the FGD composites may also exhibit good compaction 
characteristics with a pervious permeability (K > 10-2 cm·s-1), good bearing value for 
foundations, negligible plasticity and a maximum dry unit weight of standard compaction. 
Internal shear angle of 48° was observed thus high shear strength and compressibility 
characteristics are expected from a well-graded material when compacted and saturated. The 
surface hardness and porosity results did not directly indicate towards the composite’s structural 
integrity however the difference in the results between the two different sizes of same composite 
combination determines that better physical characteristics for the composite can be achieved by 
commercial briquette fabrication technique. 
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4.5 Conclusions 
The results from field submergence, dynamic leaching, specific gravity, unit weight, 
shear and cost analysis for the five composite combinations tested in Phase II are summarized 
Table 4.1  

















77:20:03 Good 4.87E-13 0.68E-13 2.0 1.51 48 11.35 
69:30:01 Good 4.95E-13 1.22E-13 2.1 1.40 49 12.28 
67:30:03 Good 6.30E-13 1.10E-13 2.1 1.49 49 13.95 
64:35:01 Good 7.01E-13 3.22E-13 2.1 1.52 48 13.58 
63:35:02 Good 6.60E-13 3.71E-13 2.1 1.54 49 14.41 
63:35:2 (s) Good 3.45E-13 1.39E-13 2.2 1.50 N/A 14.45 
 
It is observed that all the composites responded similar to the tests conducted, with the 
exception for the small size briquette. The small size briquette performed better than the larger 
sized briquette of the same composite combination in all the tests. This indicates that the 
fabrication parameters play important role in the stabilization of the FGD sludge. Considering 
cost as the controlling parameter 77%: 20%: 3%; 69%: 30%: 1%; 67%: 30%: 3%; 64%: 35%: 
1% are selected as the best composite combinations.  
4.6 Future Recommendations 
To further assess the performance of the stabilized composite as a fill material in 
construction of coastal devices (1) porosity and micro structural studies using advanced 
techniques should be conducted to investigate any major changes in the stabilized structure of the 
briquettes before and after leaching (2) long-term survivability of the FGD composite in natural 
saltwater conditions should be assessed through a continued field submergence study and studies 
need to be conducted to investigate any bioaccumulation of elements from the stabilized 
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composites to the organisms attaching the composites. (3) Further geotechnical parameters (i.e.) 
compressibility and shear tests in saturated and unsaturated conditions be conducted as the 
briquettes will be subjected to wetting and drying during the construction of the coastal devices. 
(4) Since it was observed that the fabrication of briquettes varied the outcome of results, various 
fabrication parameter (i.e.) moisture content, size of briquette and fabrication pressure should be 




Aksoy, I. H. and Hasai, M. E. (1998). Geotechnical Properties of Fly Ash-Cement-Foam Mixture 
as a Lightweight Fill material, Proceedings of the 5th International Congress on environmental 
Geotechnics, Copenhagen. 
 
American Coal Ash Association (ACAA). (2002). Coal combustion product, production and 
Use. http://www.acaa-usa.org/whatsnew/2002.pdf. 
 
American Nuclear Society (ANSI/ANS 16.1). (1986). Measurements of the Leachability of 
Solidified Low level Radioactive Wastes; American Nuclear Society; La Grandge Park, Illinois. 
 
American Standards for Testing Materials. (1991). (ASTM C 25-91). Standard Test Method for 
Chemical Analysis of Limestone, Quicklime, and Hydrated Lime. 
 
American Standards for Testing Materials. (1992). (ASTM D 2487-92). Standard Classification 
of soils for engineering purposes. 
 
American Standards for Testing Materials. (2002). (ASTM C 127-88). Test Method for Specific 
Gravity of Coarse Aggregates. 
 
 American Standards for Testing Materials. (2002). (ASTM D 422-63).  Test Method for Particle 
Size Analysis. 
 
American Standards for Testing Materials. (2002). (ASTM D 698-00a). Test Method for 
Laboratory Compaction Characteristics of Soil Using Standard Effort. 
 
American Standards for Testing Materials. (2002). (ASTM D 1557-91). Standard Test Method 
for Laboratory Compaction Characteristics of Soil Using Modified Effort. 
 
American Standards for Testing Materials. (2002). ASTM D 3080-90. Test Method for Direct 
Shear of Soils Under Consolidated Drained Conditions. 
 
American Standards for Testing Materials. (2002). ASTM E 1861-97Standard Guide for Use of 
Coal Combustion By Products in Structural Fills. 
 
Batchelor, B. (1990). Leach Models: Theory and Application, Journal of Hazardous Materials, 
24, 255-266. 
 
Batchelor, B. A. (1992). Numerical Leaching Model For Solidified/Stabilized Wastes, Water 
science Technology, 26(1-2), 107-115. 
 
Batchelor, B. (1998). Leach Models for Contaminants Immobilized by pH-Dependent 
Mechanisms. Environmental Science Technology, 32(11), 1721-1726. 
 
 84
Batchelor, B., and Wu, K. (1993). Effects of equilibrium chemistry on leaching of contaminates 
from stabilized/solidified wastes, Chemistry and microstructure of solidified waste forms, R. D. 
Spence, ed., Lewis Publishers, Boca Raton, Fla., 243-259. 
 
Bishop, P. L. (1988). Leaching of Inorganic hazardous Constituents from Stabilized/Solidified 
Hazardous Wastes, Journal of Hazardous Waste and Hazardous Materials, 5(2), 129-142. 
 
Bishop, P. L.; Gong, R.; Keener, C, T. (1992). Effects of Leaching on Pore Size Distribution of 
Solidified /Stabilized Wastes, Journal of Hazardous Materials, 31, 59-74. 
 
Bishop, P. L. (1987). Leaching of Inorganic Hazardous Constituents from Stabilized/Solidified 
Hazardous Wastes, Hazardous Waste and Hazardous Materials, 5(2), 129-143. 
 
Breslin, V.T.; Roethel, F. J; Schaeperkoetter, V. P. (1988). Physical and Chemical Interactions of 
Stabilized Incineration Residue with the Marine Environment, Marine Pollution Bulletin, 
19(11B), 628-632. 
 
Breslin, V.T.; Roethel, F. J. (1995).  Long-term Diffusion of Elements from Municipal Solid 
Waste Combustor Ash Blocks in the Marine Environment, Estuarine, Coastal and Shelf Science, 
40(10), 12-13. 
 
Buchhloz. B. A and Landsberger. S. (1995). Leaching dynamics Studies of Municipal Solid 
Waste Incinerator Ash, Journal of the Air and Waste management Association, 45, 579-590. 
 
Butalia, T. S. and Wolfe, W. E. (1999). Evaluation of Permeability characteristics of FGD 
materials, FUEL, 78, 149-152. 
 
Butalia, T. S.; Wolfe, W. R. and Lee, J. B. (2001). Evaluation of a dry FGD material as a 
flowable fill, FUEL, 80, 845-850. 
 
Casanova, I, Agullo, L. and Aguado, A. (1997). Aggregate expansivity due to sulfide oxidation-
I. Physico-chemical modeling of sulfate attack, Cement and Concrete Research, 26(7), 993-998. 
 
Casanova, I, Agullo, L. and Aguado, A. (1997). Aggregate expansivity due to sulfide oxidation-
II. Physico-chemical modeling of sulfate attack, Cement and Concrete Research, 27(11), 1627-
1632. 
 
Cartledge, F.K.; Butler, L.G.; Chalsani, D.; Eaton, H.C.; Frey, F.P.; Herrera, E.; Tittlebaum, 
M.E; and Yang, S.L. (1990). Immobilization Mechanisms in Solidification/Stabilization of Cd 
and Pb Salts Using Portland Cement Fixing Agents, Environmental Science and Technology, 
24:867-873. 
 
Chang, Wen F.; David A. Chin and Robert Ho. (1989). Phosphogypsum for Secondary Road 




Chesner, W.; Collins, R.; MacKay, M.; and Emery, J. (2002). The User Guidelines for Waste and 
Byproduct Material in Pavement Construction, Publication of Federal Highway Administration: 
FHWA-RD-97-148. 
 
Clarke, L. B. (1992). Applications for coal use residues, Rep. No. ICECR/50. Institute of 
Engineers, Australia, Coal Research, London, U.K. 
 
Clark. R. B; Ritchey. K. D and Baligar. V. C. (2001). Benefits and Constraints for Use of FGD 
products on Agricultural Land, FUEL, Vol. 80, pp.821-828. 
 
Collins, R.J. and Stanley K.C. (1994). Recycling and Use of Waste Materials and By-Products in 
Highway Construction, National Cooperative Highway Research Program Synthesis of Highway 
Practice No.199, Transportation Research Board, Washington, DC.  
 
Conner, J. R. (1990). Chemical Fixation and Solidification of Hazardous Wastes, Van Nostrand 
Reinhold, N. 
 
Cote, P. (1986). Contaminant Leaching from Cement-Based Waste Forms Under Acid 
Conditions, Ph.D. Thesis, Mc Master University, Toronto. 
 
Das, M. B. (1997). Principles of Geotechnical Engineering,  PWS Publishing Company, Boston, 
MA. 
 
Dalton, S.M. (1995). Limestone gypsum flue gas desulfurization, IChEME, Symposium Series 
No, 138, 979-984. 
 
Deshpande. P.S. (2003). The Determination of Appropriate Phosphogypsum: Class C Fly Ash: 
Portland Type II Cement Compositions for use in Marine Applications. A Masters Thesis, 
Louisiana State University.  
 
Davis J.C. (2001 and 2003)  Cemex Cement Plant, Brooksville, FL, Personal communication for 
the ingredient costs ($ per ton) in Tampa, FL. 
 
Duedall, I. W.; Buyer, J. S.; Heaton, M. G.; Oakley, S. A.; Okubo, A.; Dayal, R.; Tatro, M.; 
Roeththel, F. J.; Wilke, R. J.; and Hershey, J. P. (1983). Diffusion of calcium and sulfate ions in 
stabilized coal wastes; Wastes in the Ocean, Vol. 1: Industrial and sewage Wastes in the Ocean, 
Duedall, I. W.; Ketchum, B. H.; Park, P. K.; and Kester, D. R.; (Eds), Wiley-Interscience, NY. 
375-395. 
 
de Groot, J, G and van der Sloot, H. A. (1992). Determination of Leaching Characteristics of 
Waste Materials Leading To Environmental Product Certification, Journal of Hazardous 
Materials, 2, 149-170. 
 
Energy Information Administration (EIA). (2001). Electric Power Annual2001; DOE/EIA–
0348(01);U.S. Department of Energy, Office of Coal, Nuclear, Electric, and Alternate Fuels: 
Washington, DC, Feb. 184 p. 
 
 86
Guo, T. (1998). Determination of Optimal Composition of Stabilized PG Composites for 
Saltwater Application. A Dissertation (PhD), Louisiana State University. 
 
Guo, T.; Seals, R.K.; Malone, R.F.; Rusch, K.A. (1999a). The Effects of Seawater on the 
Dissolution Potential of PG:Cement Composites. Environmental Engineering Science; 16(2): 
147-156. 
 
Guo, T.; Malone, R.F.; Seals, R.K.; and Rusch, K.A. (1999b). Determination of Optimal 
Composition of Stabilized PG Composites for Saltwater Application. Hazardous and Industrial 
Wastes, Edited by Nikolaos Nikolaidia, Can Erkey and Barth F. Smets.  
 
Guo, T.; Hawke, A.S. and Rusch. K.A. (1999c). Determination of Calcium Diffusion 
Coefficients as an Estimator Long-term Dissolution Potential for Phosphogypsum:Cement:Lime 
Composites. Environmental Science and Technology, 33, 3185-3192. 
 
Guo, T.; Malone, R. and. Rusch. K.A. (2001). Stabilized Phosphogypsum:class C Fly 
Ash:Portland Type II Cement Composites for Potential Marine Application, Environmental 
Science and Technology, 35, 3967-3973. 
 
Guo, T.; Geaghan. P. J.; R. and Rusch. K.A.  (2003). Determination of Optimum ingredients for 
Phosphogypsum Composite Stability under Marine Conditions-Response Surface Analysis with 
Process Variables, Journal of Environmental engineering, 129(4), 358-365. 
 
Guo. T, Deshpande. P, and Rusch. K.A.  (2004). Identification of Dynamic Leaching Kinetics of 
Stabilized Waster Soluble Waste. Environmental Science and Technology. 38,  603-608. 
 
Holmstrom O.C., and Swan, C.W. (1999). Geotechnical Properties of Innovative, Synthetic 
Lightweight Aggregates, International Ash Utilization Symposium. 
 
Ibanez, R.; Andres, A.; Arabian, J, A.; Ortiz, I. (1998).  Fly Ash Binders in Stabilization of FGD 
Wastes. Journal of Environmental Engineering, 124(1), 43-50. 
 
Kalyoncu, R. (2000). Coal Combustion products, U.S.G.S, Mineral Information, P.1. 
 
Kashi, M.G.; Malloy, R.A.; and Swam, C.W. (2001). Development of Synthetic Lightweight 
Aggregate for Construction Material, Chelsea Center for Recycling and Economic Development 
Technical Research Program, University of Massachusetts, Lowell. 
 
Knapp, R. (2003). River Cement Co., Darrow, LA, Personal communication for the local cost ($ 
per ton) of Portland Type II cement in Baton Rouge, LA. 
 
Louisiana Department of Natural Resources (LADNR). (2000). Louisiana Coastal Wetlands 
Conservation and Restoration Task Force and the Wetlands Conservation and Restoration 




Malhotra, M. V. (1999). Value-Added Products from FGD Scrubber Sludge, Final Technical 
Report, ICCI Project Number 98-1/3.2A-3. 
 
Malhotra, M. V.; Samuel. A. (2001). Paperless FGD Scrubber Sludge, Final Technical Report, 
ICCI Project Number 00-1/3.1C-1. 
 
Malhotra. M. V.; Valambie, P. S. (2002). Effects of Water Content and Temperature on the 
Crystallization Behavior of FGD Scrubber Sludge, FUEL, 81, 1297-1304. 
 
Mainguy, M. and Coussy, O. (2000). Propagation Fronts During Calcium Leaching and Chloride 
Penetration, Journal of Engineering Mechanics, 126(3), 250-257. 
 
Medici. F.; Merli. C.; Scoccia and Volpe. R. (1989). Experimental Evaluation of Limiting 
Factors for Leaching Mechanism in Solidified Hazardous Wastes, Environmental Aspects of 
Stabilization and Solidification of Hazardous and Radioactive Wastes, ASTM STP 1033, P.L.. 
 
Monzo, J. J., Paya, M., Borrachero, V and Peris-Mora, M. (1999). Mechanical behavior of 
mortars containing sewage sludge ash (SSA) and Portland cements with different tricalcium and 
aluminate content, Cement and Concrete research, 29, 87-94.  
 
Nelson K. (1997). Aggregate (Resources), Geotimes, 42(2), 42-43. 
 
Ouyang, C., Nanni, A., and Chang, W.F. (1998).  Internal and External Sources of Sulfate Ions in 
Portaland Cement Mortar; Two types of Chemical Attack, Cement and Concrete Research, 18, 
699-709. 
 
Park, J and Batchelor, B. (2002). General Chemical Equilibrium Model for Stabilized/Solidified 
Wastes, Journal of Environmental Engineering, 128(7), 653-661. 
 
Parker, J. H.; Woodhead, P. M. J; Duedall, I. W. (1981). Coal-waste Artificial Reef Program, 
Phase 3; Vol. 2: Comprehensive report EPRI Report CS-2009, Electric power Research Institute, 
Palo Alto, California. 
 
Poon, C.S.; Chen, Z.Q.; and Wai, O.W.H. (2001). The Effect of Flow-Through Leaching on the 
Diffusivity of Heavy Metals in Stabilized/Solidified Wastes, Journal of Hazardous Materials, 
B81,179-192. 
 
Prusinski, J. R., Cleveland M. W. and Saylak D. (1995). Development and Construction of Road 
Bases from Flue Gas Desulfurization Material Blends. Proceedings of the Eleventh International 
Ash Utilization Symposium. Electric Power Research Institute, Report No. TR-104657, Volume 
1, Palo Alto, California. 
 
Roy, D. M., Luke, K and Diamond, S. (1985). Characterization of Fly Ash and its reaction in 
Concrete. Materials Research Society, Fly Ash and Coal Conversion By-Products: 
Characterization, Utilization and Disposal, 43, Materials Research Society. 
 
 88
Roy. A.; Eaton. H.C.; Cartledge. F. K.; and Tittlebaum. M. E. (1991). Solidification/Stabilization 
of a Heavy Metal Sludge by a Portland Cement/Fly Ash Binding Mixture, Hazardous Waste and 
hazardous materials, 8(1), 33-41. 
 
Roy, A., Kalvakaalva, R., and Seals, R. K. (1996). Microstructual and Phase Characteristics of 
Phosphogypsum-cement Mixtures, Journal of Materials In Civil Engineering, ASCE, 8(1), 11-
18. 
 
Rudisell, M. T.; Stuart, B. J.; Novak, G.; Payne,H.; Togni, C. S. (2001). Use Of Flue Gas 
Desulfurization By-Product For Mine Sealing And Abatement Of Acid Mine Drainage, FUEL, 
80, 837-843. 
 
Rusch. A. K. (2002). Development Of CCB Fill Materials For Use As Mechanically Stabilized 
Marine Structures. CBRC Project Number: CBRCM11 Contract No 98-166-LSU.  
 
Rusch, K. A., Malone, R. F. and Guo, T. (2001). Final Report to the Florida Institute of 
Phosphate Research, FIPR 99-01-162R, Development Of Economically Stabilized 
Phosphogypsum Composites For Saltwater Application. 
 
SAS. (2003). SAS 8.2, SAS Institute Inc. SAS Campus Drive, Cary, NC 27513. 
 
Scavia. D; Boesch. D. F; Buddemieier. R. W; Fogarty. M and Reed. D.J. (2001). Climate Change 
impacts on United States Coastal and marine Ecosystem, Estureis, 
http://cop.noaa.gov/pubs/das/das21.html 
 
Shafique, M. S. B., Walton, J. C., Gutierrez, N., Smith, R. W. and Tarquin, A. J. (1998). 
Influence of Carbonation of Leaching of Cementitious Wasteforms. Journal of Environmental 
Engineering, 124(5):463-467. 
 
Scheetz, D.; Barry, E.; Roy, M.; Grutzech, M.W. (1999). Giga Scale Disposal a Real Frontier for 
Ceramic Research, Mat Res Innovat, 3, 55-65. 
 
Smith, C. L. (1985). FGD Sludge - Coal Ash Road Base: Seven Years of Performance, 
Proceedings of the 8th International Coal and Solid Fuels Utilization Conference, Pittsburgh, 
Pennsylvania, November. 
 
Smith, C. L. (1989). The First 100,000 Tons of Stabilized Scrubber Sludge in Roadbase 
Construction, 1989,  Proceedings of the Power-Gen '89 Conference. New Orleans, Louisiana, 
December. 
 
Smith, P. A. and Theys, T. (2000). Gypsum, a Profitable, Saleable Product. IFA Technical 
Conference, New Orleans. 
 
 89
Soroni, S. S. (2001). Leaching tests: Commonly used methods, Examples of Applications to Coal 
Combustion By Products and Needs for the Next Generation, Coal Combustion By products 
Characterization. Western Research Institute, Laramie, Wyoming.  
 
Thimmegowda, H. MS Thesis. (1994). Louisiana State University, Baton Rouge. 
 
United States Environmental Protection Agency (USEPA). (1990). EPA-400-K-93-001, The 
Clean Air Act Amendments of 1990 (CAAA). 
 
USEPA. (1992). EPA/SW-846/Method1311, Toxicity Characteristic Leaching Procedure. 
 
USEPA. (1993). EPA/SW-846/Method 3015, Microwave Assisted Acid Digestion of Aqueous 
Samples and Extracts. 
 
USEPA. (1994). EPA/SW-846/Method 3051, Microwave Assisted Acid Digestion of Sediments, 
Sludges, Soils and Oils. 
 
United States Department of Transportation (USDOT). (2002).  Federal Highway 
Administration, FGD Scrubber Material Description, 
http://www.tfhrc.gov/hnr20/recycle/waste/fgd1.html. 
 
United States Geological Survey. (USGS). (2001a). Coal Combustion Byproduct (CCB) 
Production and Use. 
 
(USGS). (2001b). Effects global warming on coastal erosion and the efforts for restoration of 
coastal inlands, http://www.usgs.gov/hnr32/global/warming/erosoion/coastal/measures.html 
 
Valsangkar, A.J. and Holm, T.A. (1990). Geotechnical Properties of Expanded Shale 
Lightweight Aggregate, Geotechnical Testing journal, Vol,13(1), pp.10-15. 
 
van der Sloot H. A. (2002). Characterization Of The Leaching Behavior Of Concrete Mortars 
And Of Cement-Stabilized Wastes With Different Waste Loading For Long Term Environmental 
Assessment, Waste Management, 22, 181-186. 
 
Whiteneck, L.L. and Hockney, L. A. (1989). Structural Materials for Harbor and Coastal 
Construction, McGraw-Hill Book Company. 
 
Whittmann, F. H. (1997). Corrosion of Cement- Based Materials Under the Influence of an 
Electric Field, Materials Science Forum, 247, 07-126. 
 
Wiegel, R. L. (2002).  Shore & Beach Observation Large Quantity of Sand Blown Inland Over 
Top of Seawall, The American Shore and Beach Preservation Association, 70 (2). 
 
Wu, J. J.; Wu, W. L. and Hsu, K. C. (2003). The Effect of Waste Oil Cracking Catalyst on the 




Yan, P.; Yang, W.; Qin, X. and You, Y. (1999). Microstructure and properties of the binder for 
fly ash-fluorogypsum-Portland cement. Cement and Concrete Research, 29, 349-354. 
 
Yang, K.; Caiwen, Z. and Ward. M.A. (2002). The influence of calcium lignosulphonate-sodium 
Bicarbonate on the status of ettringite crystallization in fly ash cement paste. Cement and 
Concrete Research, 32, 51-56. 
 
Yilmaz, O.; Unlu, K. and Erdal, C. (2003). Solidification/Stabilization of Hazardous Wastes 









































 Standard 10.28 10.28 0.00 6.90 138.00   
1 9.01   6.90 12.30 108.00   
2 9.00   12.30 18.70 128.00   63%:25%:02% 
3 9.00 9.00 18.80 24.70 118.00 118.00 
4 9.09   24.70 30.60 118.00   
5 9.10   30.60 37.00 128.00   69%:30%:01% 
6 9.15 9.11 37.00 43.50 130.00 125.33 
7 9.10   0.00 6.20 124.00   
8 9.10   6.20 13.50 146.00   67%:30%:03% 
9 9.09 9.10 13.50 18.20 94.00 121.33 
64%:35%:01% 10 9.06   18.20 24.30 122.00   
 Standard 10.27 10.27 24.30 30.40 122.00   
11a 9.08   30.40 36.80 128.00   
11b 9.08   36.80 43.60 136.00   64%:35%:01% 
12 9.11  0.00 6.50 130.00 126.00 
13 9.13 9.09 6.50 12.80 126.00   
14 9.12   12.80 19.90 142.00   77%:20%:03% 
15 9.10   20.00 26.60 132.00 133.33 
16 9.05 9.12 26.60 32.70 122.00   
17 9.04   32.70 38.70 120.00   63%:35%:02% 
18 9.04   16.40 22.90 130.00 124.00 
 19 8.60 9.04 29.10 34.60 110.00   




























 Standard 10.21  0.00 6.50 130.00   
1 8.91  6.50 12.10 112.00   
2 9.99  12.20 18.60 128.00   63%:25%:02% 
3 9.00 9.30 18.60 24.50 118.00 119.33 
4 9.14  30.70 37.00 126.00   
5 9.18  24.50 30.70 124.00   69%:30%:01% 
6 9.17 9.16 37.00 43.50 130.00 126.67 
7 9.12  0.00 6.10 122.00   
8 8.79  6.10 13.50 148.00   67%:30%:03% 
9 9.19 9.03 13.50 18.10 92.00 120.67 
64%:35%:01% 10 9.13  18.10 24.20 122.00   
 Standard 10.21  24.20 30.30 122.00   
11a 9.05  30.30 36.70 128.00   
11b 9.02  36.70 43.50 136.00   64%:35%:01% 
12 9.04 9.09 0.00 6.40 128.00 125.00 
13 9.16  6.40 12.70 126.00   
14 9.22  12.70 19.80 142.00   77%:20%:03% 
15 9.11 9.16 19.80 26.50 134.00 134.00 
16 9.10  26.50 32.60 122.00   
17 9.10  10.20 16.30 122.00   63%:35%:02% 
18 9.18 9.13 16.30 22.80 130.00 124.67 
 19 8.61  29.00 34.50 110.00   



























 Standard 9.85  27.70 34.00 126.00   
1 9.04  34.00 40.50 130.00   
2 9.07   40.50 46.50 120.00   63%:25%:02% 
3 9.11 9.07 0.00 6.00 120.00 123.33 
4 9.19   6.50 13.60 142.00   
5 9.26   13.60 21.60 160.00   69%:30%:01% 
6 9.27 9.24 21.60 29.30 154.00 152.00 
7 9.27   29.30 37.10 156.00   
8 9.29   37.10 44.70 152.00   67%:30%:03% 
9 9.31 9.29 0.00 8.10 162.00 156.67 
64%:35%:01% 10 9.24   8.50 15.70 144.00   
 Standard         0.00   
11a 9.24   15.80 23.00 144.00   
11b 9.25   23.00 30.10 142.00   64%:35%:01% 
12 9.25 9.25 30.10 37.50 148.00 146.00 
13 9.34   37.00 45.20 164.00   
14 9.33   0.00 7.50 150.00   77%:20%:03% 
15 9.31 9.33 7.50 15.50 160.00 158.00 
16 9.27   15.50 22.10 132.00   
17 9.26   22.10 29.30 144.00   63%:35%:02% 
18 9.39 9.31 29.30 37.00 154.00 143.33 
 19 8.61   37.00 42.10 102.00   



















 Standard             
1 8.88  42.50 48.20 114.00   
2 9.01  0.00 5.60 112.00   63%:25%:02% 
3 9.00 8.96 5.40 10.80 108.00 111.33 
4 9.20  10.90 17.50 132.00   
5 9.27  17.60 24.50 138.00   69%:30%:01% 
6 9.27 9.25 24.50 32.10 152.00 140.67 
7 9.27  32.10 39.30 144.00   
8 9.27  39.30 45.40 122.00   67%:30%:03% 
9 9.27 9.27 0.00 6.90 138.00 134.67 
64%:35%:01% 10 9.28  6.90 13.50 132.00   
 Standard        0.00   
11a 9.33  13.50 20.70 144.00   
11b 9.32  20.70 28.00 146.00   64%:35%:01% 
12 9.22 9.25 28.00 34.90 138.00 135.00 
13 9.33  34.90 42.00 142.00   
14 9.33  14.70 23.70 180.00   77%:20%:03% 
15 9.29 9.32 23.70 30.50 136.00 152.67 
16 9.23  30.50 37.00 130.00   
17 9.22  37.00 43.80 136.00   63%:35%:02% 
18 9.25 9.23 0.00 6.90 138.00 134.67 
 19 8.58  6.90 13.30 128.00   




























 Standard 9.85  0.00 6.30 126.00   
1 8.46  6.30 11.40 102.00   
2 8.50  11.40 16.70 106.00   63%:25%:02% 
3 8.52 8.49 16.70 22.00 106.00 104.67 
4 8.64  22.00 27.80 116.00   
5 8.60  27.90 34.00 122.00   69%:30%:01% 
6 8.71 8.65 34.00 40.40 128.00 122.00 
7 8.70  40.40 46.80 128.00   
8 8.69  0.00 6.10 122.00   67%:30%:03% 
9 8.70 8.70 6.20 12.30 122.00 124.00 
64%:35%:01% 10 8.64  12.30 18.20 118.00   
 Standard 10.09  18.20 24.40 124.00   
11a 8.59  24.40 30.60 124.00   
11b 8.60  30.60 36.90 126.00   64%:35%:01% 
12 8.64 8.64 36.90 43.10 124.00 121.00 
13 8.72  43.10 49.50 128.00   
14 8.64  0.00 6.20 124.00   77%:20%:03% 
15 8.60 8.65 6.20 12.20 120.00 124.00 
16 8.62  12.20 18.10 118.00   
17 8.63  18.10 24.10 120.00   63%:35%:02% 
18 8.69 8.65 24.10 30.10 120.00 119.33 
 19 8.02  30.10 35.10 100.00   






























 Standard 9.50   8.60 14.70 122.00   
1 8.63   0.00 6.10 122.00   
2 8.70   6.20 12.30 122.00   63%:25%:02% 
3 8.63 8.65 12.30 18.20 118.00 120.67 
4 8.79   18.30 23.40 102.00   
5 8.76   23.40 29.50 122.00   69%:30%:01% 
6 8.88 8.81 29.50 35.80 126.00 116.67 
7 8.87   36.00 42.20 124.00   
8 8.84   0.00 6.30 126.00   67%:30%:03% 
9 8.81 8.84 6.30 12.40 122.00 124.00 
64%:35%:01% 10 8.76   12.40 18.50 122.00   
 Standard 9.52   19.40 25.70 126.00   
11a 8.75   26.00 32.30 126.00   
11b 8.74   32.30 38.50 124.00   64%:35%:01% 
12 8.76 8.76 38.50 44.60 122.00 122.00 
13 8.88   0.00 6.30 126.00   
14 8.89   6.30 12.50 124.00   77%:20%:03% 
15 8.79 8.85 12.50 18.60 122.00 124.00 
16 8.77   18.60 24.70 122.00   
17 8.75   24.70 30.90 124.00   63%:35%:02% 
18 8.78 8.77 31.00 37.10 122.00 122.67 
 19 8.06   7.20 13.40 124.00   






























 Standard 9.56  22.50 28.50 120.00   
1 8.50  28.50 33.70 104.00   
2 8.64  33.70 38.90 104.00   63%:25%:02% 
3 8.59 8.58 38.90 43.90 100.00 102.67 
4 8.76  0.00 6.20 124.00   
5 8.73  6.20 11.80 112.00   69%:30%:01% 
6 8.82 8.77 11.80 17.10 106.00 114.00 
7 8.81  17.20 23.50 126.00   
8 8.80  23.50 29.30 116.00   67%:30%:03% 
9 8.80 8.80 29.30 35.00 114.00 118.67 
64%:35%:01% 10 8.71  35.00 40.50 110.00   
 Standard 10.05  40.50 46.50 120.00   
11 8.69  0.00 6.30 126.00   
12a 8.73  6.30 11.40 102.00   64%:35%:01% 
12b 8.73 8.72 11.50 17.10 112.00 111.00 
13 8.92  17.10 22.60 110.00   
14 8.96  22.60 28.10 110.00   77%:20%:03% 
15 8.87 8.92 28.10 33.50 108.00 109.33 
16 8.77  33.50 38.90 108.00   
17 8.18  38.90 44.50 112.00   63%:35%:02% 
18 8.70 8.55 27.50 32.60 102.00 107.33 
 19 8.08  38.50 44.10 112.00   





























 Standard 9.56   2.00 6.70 94.00   
1 8.65   6.70 11.60 98.00   
2 8.76   11.60 16.50 98.00   63%:25%:02% 
3 8.76 8.72 16.50 21.60 102.00 99.33 
4 8.94   21.60 27.80 124.00   
5 8.92   28.10 34.20 122.00   69%:30%:01% 
6 8.88 8.91 34.20 40.60 128.00 124.67 
7 8.90   40.60 46.60 120.00   
8 8.93   0.00 6.70 134.00   67%:30%:03% 
9 8.96 8.93 6.70 12.60 118.00 124.00 
64%:35%:01% 10 8.87   12.60 19.10 130.00   
 Standard 10.60   19.10 24.50 108.00   
11a 8.85   24.60 30.60 120.00   
11b 8.88   30.60 36.80 124.00   64%:35%:01% 
12 8.87 8.87 0.00 6.00 120.00 125.00 
13 9.03   6.00 12.00 120.00   
14 8.98   12.80 19.40 132.00   77%:20%:03% 
15 8.87 8.96 20.30 25.60 106.00 119.33 
16 8.86   25.60 31.80 124.00   
17 8.88   31.80 37.70 118.00   63%:35%:02% 
18 8.93 8.89 37.70 44.40 134.00 125.33 
 19 8.17   29.50 34.60 102.00   




























 Standard 9.23  14.70 21.90 144.00   
1 8.67  0.00 6.10 122.00   
2 8.70  6.20 12.30 122.00   63%:25%:02% 
3 8.63 8.67 12.30 18.20 118.00 120.67 
4 8.79  18.30 23.40 102.00   
5 8.76  23.40 29.50 122.00   69%:30%:01% 
6 8.88 8.81 29.50 35.80 126.00 116.67 
7 8.87  36.00 42.20 124.00   
8 8.84  0.00 6.30 126.00   67%:30%:03% 
9 8.81 8.84 6.30 12.40 122.00 124.00 
64%:35%:01% 10 8.76  12.40 18.50 122.00   
 Standard 9.52  19.40 25.70 126.00   
11a 8.75  26.00 32.30 126.00   
11b 8.74  32.30 38.50 124.00   64%:35%:01% 
12 8.76 8.76 38.50 44.60 122.00 122.00 
13 8.88  0.00 6.30 126.00   
14 8.89  6.30 12.50 124.00   77%:20%:03% 
15 8.79 8.85 12.50 18.60 122.00 124.00 
16 8.77  18.60 24.70 122.00   
17 8.75  24.70 30.90 124.00   63%:35%:02% 
18 8.78 8.77 31.00 37.10 122.00 122.67 
 19 8.06  0.00 6.10 122.00   






































 Standard 9.18  0.00 6.20 124.00   
1 8.30  6.20 10.70 90.00   
2 8.43  10.70 15.30 92.00   63%:25%:02% 
3 8.44 8.39 15.30 19.80 90.00 90.67 
4 8.71  19.80 25.30 110.00   
5 8.74  25.30 30.90 112.00   69%:30%:01% 
6 8.77 8.74 30.90 36.80 118.00 113.33 
7 8.78  41.80 47.20 108.00   
8 8.72  32.00 37.20 104.00   67%:30%:03% 
9 8.76 8.75 37.20 43.40 124.00 112.00 
64%:35%:01% 10 8.39  12.00 18.20 124.00   
 Standard 9.21  18.20 24.40 124.00   
11 8.46  0.00 5.50 110.00   
12 8.50  5.50 10.90 108.00   64%:35%:01% 
13a 8.71 8.44 10.90 17.10 124.00 116.50 
13b 8.71  17.10 23.20 122.00   
14 8.64  36.90 43.10 124.00   77%:20%:03% 
15 8.72 8.70 43.10 49.50 128.00 124.50 
16 8.64  0.00 6.20 124.00   
17 8.62  12.20 18.10 118.00   63%:35%:02% 
18 8.69 8.65 18.10 24.30 124.00 122.00 
 19 8.62  24.30 29.40 102.00   



























 Standard 10.25  19.00 24.60 112.00   
1 8.24  24.60 28.40 76.00   
2 8.49  28.40 32.50 82.00   63%:25%:02% 
3 8.42 8.38 32.50 36.70 84.00 80.67 
4 8.69  36.70 42.80 122.00   
5 8.59  42.80 48.60 116.00   69%:30%:01% 
6 8.87 8.72 0.00 6.30 126.00 121.33 
7 8.71  6.30 12.70 128.00   
8 8.69  12.70 18.60 118.00   67%:30%:03% 
9 8.70 8.70 18.60 25.00 128.00 124.67 
64%:35%:01% 10 8.57  25.00 30.70 114.00   
 Standard 10.21  30.70 37.00 126.00   
11 8.54  37.00 43.10 122.00   
12 8.54  43.10 48.70 112.00   64%:35%:01% 
13 8.89 8.56 0.60 7.60 140.00 115.50 
14a 8.90  7.60 14.70 142.00   
14b 8.91  14.70 18.20 70.00   77%:20%:03% 
15 8.76 8.86 18.20 24.60 128.00 113.33 
16 8.52  24.60 30.00 108.00   
17 8.67  30.60 36.70 122.00   63%:35%:02% 
18 8.58 8.59 36.70 42.20 110.00 113.33 
 19 7.82  0.00 5.30 106.00   



















 Standard 9.56   2.00 6.70 94.00   
1 8.65   6.70 11.60 98.00   
2 8.76   11.60 16.50 98.00   63%:25%:02% 
3 8.76 8.72 16.50 21.60 102.00 99.33 
4 8.94   21.60 27.80 124.00   
5 8.92   28.10 34.20 122.00   69%:30%:01% 
6 8.88 8.91 34.20 40.60 128.00 124.67 
7 8.90   40.60 46.60 120.00   
8 8.93   0.00 6.70 134.00   67%:30%:03% 
9 8.96 8.93 6.70 12.60 118.00 124.00 
64%:35%:01% 10 8.87   12.60 19.10 130.00   
 Standard 10.60   19.10 24.50 108.00   
11a 8.85   24.60 30.60 120.00   
12 8.88   30.60 36.80 124.00   64%:35%:01% 
13a 8.87 8.87 0.00 6.00 120.00 125.00 
13b 9.03   6.00 12.00 120.00   
14 8.98   12.80 19.40 132.00   77%:20%:03% 
15 8.87 8.96 20.30 25.40 102.00 118.00 
16 8.86   25.60 31.80 124.00   
17 8.88   31.80 37.70 118.00   63%:35%:02% 
18 8.93 8.89 37.70 44.40 134.00 125.33 
 19 8.17   29.50 34.60 102.00   
 Standard 10.15   34.60 40.60 120.00   
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 Standard 10.43   31.60 38.00 128.00   
1 8.61   38.00 42.00 80.00   
2 8.72   42.00 45.90 78.00   63%:25%:02% 
3 8.65 8.66 0.00 4.20 84.00 80.67 
4 9.11   4.20 10.00 116.00   
5 8.91   10.00 15.20 104.00   69%:30%:01% 
6 9.12 9.05 15.20 21.30 122.00 114.00 
7 9.01   21.30 26.80 110.00   
8 9.02   26.80 32.40 112.00   67%:30%:03% 
9 9.03 9.02 32.40 37.90 110.00 110.67 
64%:35%:01% 10 8.87   37.90 43.00 102.00   
 Standard 10.60   43.00 49.40 128.00   
11a 8.86   0.00 5.40 108.00   
11b 8.86   5.40 10.70 106.00   64%:35%:01% 
12 8.85 8.86 10.70 16.00 106.00 104.00 
13 9.16   16.00 22.10 122.00   
14 9.11   22.10 28.30 124.00   77%:20%:03% 
15 9.06 9.11 28.30 33.80 110.00 118.67 
16 8.86   33.80 39.10 106.00   
17 8.92   0.00 5.20 104.00   63%:35%:02% 
18 8.89 8.89 5.20 10.60 108.00 106.00 
 19 8.13   10.60 15.80 104.00   



























 Standard 10.50  0.00 10.60 212.00   
1 8.75  11.70 15.70 80.00   
2 8.78  15.70 19.80 82.00   63%:25%:02% 
3 8.82 8.79 19.80 24.10 86.00 82.67 
4 9.35  24.10 29.80 114.00   
5 9.28  29.80 35.50 114.00   69%:30%:01% 
6 9.35 9.33 35.50 41.30 116.00 114.67 
7 9.33  41.30 46.70 108.00   
8 9.33  0.00 5.40 108.00   67%:30%:03% 
9 9.36 9.34 5.40 11.10 114.00 110.00 
64%:35%:01% 10 9.25  11.10 16.20 102.00   
 Standard 10.54  16.20 27.90 234.00   
11a 9.10  27.90 33.00 102.00   
11b 9.09  33.00 38.50 110.00   64%:35%:01% 
12 9.18 9.22 38.70 44.00 106.00 104.00 
13 9.51  0.00 6.10 122.00   
14 9.54  6.10 12.90 136.00   77%:20%:03% 
15 9.39 9.48 12.90 18.90 120.00 126.00 
16 9.11  18.90 23.90 100.00   
17 9.12  23.90 28.90 100.00   63%:35%:02% 
18 9.23 9.15 28.90 33.80 98.00 99.33 
 19 8.48  33.80 39.10 106.00   






























 Standard 10.05   6.20 12.30 122.00   
1 8.27   12.30 16.10 76.00   
2 8.28   16.10 20.00 78.00   63%:25%:02% 
3 8.25 8.27 20.00 24.50 90.00 81.33 
4 8.84   24.50 30.00 110.00   
5 8.80   30.00 35.00 100.00   69%:30%:01% 
6 8.82 8.82 35.00 40.20 104.00 104.67 
7 8.89   40.20 45.00 96.00   
8 8.83   0.00 5.00 100.00   67%:30%:03% 
9 8.96 8.89 5.00 10.00 100.00 98.67 
64%:35%:01% 10 8.71   10.00 15.00 100.00   
 Standard 10.44   15.00 21.20 124.00   
11a 8.60   21.20 26.10 98.00   
11b 8.60   26.10 31.00 98.00   64%:35%:01% 
12 8.68 8.70 31.00 36.40 108.00 104.00 
13 9.04   36.40 42.00 112.00   
14 9.07   42.00 48.30 126.00   77%:20%:03% 
15 9.08 9.06 0.00 6.00 120.00 119.33 
16 8.66   6.00 11.00 100.00   
17 8.64   11.00 15.60 92.00   63%:35%:02% 
18 8.70 8.67 15.60 20.10 90.00 94.00 
 19 7.78   20.20 25.40 104.00   








Time = 0.08 days 







8.73 0.00 5.50 110.00
8.72 5.50 11.20 114.00
8.77 17.20 22.90 114.00
77%: 20%: 3% 8.77 8.75 23.00 28.70 114.00 113.00 
8.80 28.70 34.10 108.00
8.80 34.40 39.90 110.00
8.79 39.90 45.40 110.00
73%: 25%: 2% 8.79 8.80 14.00 19.80 116.00 111.00 
8.79 21.00 26.50 110.00
8.79 26.50 31.90 108.00
8.80 32.00 37.60 112.00
72%: 25%: 3% 8.81 8.80 37.70 43.20 110.00 110.00 
8.80 14.00 19.50 110.00
8.79 19.60 25.00 108.00
8.82 25.00 30.50 110.00
69%: 30%: 1% 8.82 8.81 30.50 36.00 110.00 109.50 
8.59 36.00 41.00 100.00
Blank 8.59 8.59 14.00 19.00 100.00 100.00 
8.87 0.00 4.55 91.00
8.92 4.50 9.20 94.00
8.97 9.20 13.80 92.00
68%: 30%: 2% 8.97 8.93 13.80 18.40 92.00 92.25 
8.94 18.40 22.70 86.00
8.95 22.70 27.00 86.00
8.93 27.00 30.90 78.00
67%: 30%: 3% 8.93 8.94 30.90 35.10 84.00 83.50 
8.96 35.10 39.40 86.00
8.95 39.40 43.90 90.00
8.88 43.90 47.90 80.00
64%: 35%: 1% 8.88 8.92 0.00 4.10 82.00 84.50 
8.85 4.10 8.00 78.00
8.85 8.00 11.90 78.00
8.87 11.90 15.90 80.00
63%: 35%: 2% 8.87 8.86 15.90 19.90 80.00 79.00 
8.91 19.90 24.00 82.00
8.90 24.00 28.20 84.00
8.91 28.20 32.20 80.00
62%: 35%: 3% 8.90 8.91 32.20 36.30 82.00 82.00 
8.91 36.30 40.70 88.00
8.91 40.70 45.10 88.00
8.86 11.00 16.80 116.00
60%: 40%: 0% 8.87 8.89 17.00 23.20 124.00 104.00 
8.68 20.50 23.80 66.00
Blank 8.68 8.68 23.80 27.30 70.00 68.00 
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Time = 0.29 days 







8.82 0.00 5.70 114.00
8.82 5.70 10.40 94.00
8.83 10.40 15.50 102.00
77%: 20%: 3% 8.83 8.83 15.50 20.70 104.00 103.50 
8.86 20.70 25.90 104.00
8.86 25.90 31.00 102.00
8.83 31.00 36.00 100.00
73%: 25%: 2% 8.83 8.85 36.00 41.20 104.00 102.50 
8.86 3.00 8.10 102.00
8.86 8.10 13.20 102.00
8.88 13.20 18.60 108.00
72%: 25%: 3% 8.88 8.87 18.60 23.80 104.00 104.00 
8.90 23.80 29.10 106.00
8.90 29.30 34.60 106.00
8.90 34.60 39.90 106.00
69%: 30%: 1% 8.90 8.90 39.90 44.80 98.00 104.00 
8.66 10.00 14.60 92.00
Blank 8.66 8.66 14.60 19.30 94.00 93.00 
8.89 0.00 5.10 102.00
8.89 5.10 10.20 102.00
8.93 10.20 15.50 106.00
68%: 30%: 2% 8.93 8.91 15.50 20.80 106.00 104.00 
8.81 21.00 25.90 98.00
8.87 26.00 31.00 100.00
8.94 31.00 36.20 104.00
67%: 30%: 3% 8.94 8.89 36.20 41.40 104.00 101.50 
8.93 0.00 5.00 100.00
8.93 5.00 10.00 100.00
8.87 10.00 14.90 98.00
64%: 35%: 1% 8.87 8.90 14.90 19.80 98.00 99.00 
8.97 19.80 24.80 100.00
8.97 24.80 39.80 300.00
8.87 30.00 35.40 108.00
63%: 35%: 2% 8.87 8.92 35.40 40.80 108.00 154.00 
8.89 0.00 5.00 100.00
8.89 5.00 10.00 100.00
8.89 10.00 15.40 108.00
62%: 35%: 3% 8.98 8.91 15.40 20.90 110.00 104.50 
8.91 21.00 26.10 102.00
8.91 26.10 31.20 102.00
8.92 32.00 37.00 100.00
60%: 40%: 0% 8.92 8.92 37.00 42.00 100.00 101.00 
8.66 0.00 4.40 88.00













Time =  1.0 days 







8.89 0.00 6.80 136.00
8.90 6.80 13.60 136.00
8.86 13.60 19.90 126.00
77%: 20%: 3% 8.86 8.88 19.90 26.40 130.00 132.00 
8.91 26.40 32.80 128.00
8.92 32.80 39.30 130.00
8.95 39.30 46.30 140.00
73%: 25%: 2% 8.95 8.93 2.00 8.60 132.00 132.50 
8.99 8.60 15.80 144.00
8.99 15.80 22.50 134.00
8.98 22.90 29.50 132.00
72%: 25%: 3% 8.98 8.99 29.50 36.30 136.00 136.50 
8.98 5.60 11.30 114.00
8.98 11.30 18.00 134.00
8.98 18.00 24.70 134.00
69%: 30%: 1% 8.98 8.98 24.70 31.60 138.00 130.00 
8.67 31.60 37.30 114.00
Blank 8.67 8.67 13.50 43.00 590.00 352.00 
9.21 0.00 7.20 144.00
9.21 7.20 24.30 342.00
9.10 14.30 21.30 140.00
68%: 30%: 2% 9.10 9.16 1.50 28.40 538.00 291.00 
9.15 28.40 35.30 138.00
9.15 35.30 42.30 140.00
9.16 0.00 7.00 140.00
67%: 30%: 3% 9.16 9.16 7.00 14.00 140.00 139.50 
9.06 14.00 20.30 126.00
9.06 20.30 26.60 126.00
8.96 26.60 32.50 118.00
64%: 35%: 1% 8.96 9.01 32.50 38.40 118.00 122.00 
9.11 38.40 45.50 142.00
9.11 0.00 7.10 142.00
9.12 8.00 14.80 136.00
63%: 35%: 2% 9.12 9.12 12.60 19.30 134.00 138.50 
9.12 19.30 26.00 134.00
9.12 26.00 32.60 132.00
9.11 33.30 40.30 140.00
62%: 35%: 3% 9.11 9.12 40.30 47.30 140.00 136.50 
9.02 0.00 6.00 120.00
9.02 6.00 12.00 120.00
9.00 12.00 18.20 124.00
60%: 40%: 0% 9.00 9.01 18.20 24.40 124.00 122.00 
8.68 25.00 29.90 98.00





Time =  2days 




(mLs) Alkalinity Average Alkalinity
8.89 0.00 6.20 124.00
8.90 6.20 12.40 124.00
8.93 12.40 18.50 122.00
77%: 20%: 3% 8.93 8.91 18.50 24.70 124.00 123.50 
8.95 24.70 31.10 128.00
8.95 31.10 37.20 122.00
8.91 37.20 43.30 122.00
73%: 25%: 2% 8.91 8.93 0.00 6.20 124.00 124.00 
9.03 6.20 12.60 128.00
9.03 12.60 19.30 134.00
9.01 0.00 6.30 126.00
72%: 25%: 3% 9.01 9.02 6.30 13.10 136.00 131.00 
9.02 13.10 19.50 128.00
9.02 19.50 25.90 128.00
9.02 26.00 32.40 128.00
69%: 30%: 1% 9.02 9.02 32.40 39.00 132.00 129.00 
8.72 39.00 45.00 120.00
Blank 8.72 8.72 40.00 46.00 120.00 120.00 
9.10 0.00 7.10 142.00
9.10 7.10 14.20 142.00
9.08 14.20 20.60 128.00
68%: 30%: 2% 9.08 9.09 20.60 27.00 128.00 135.00 
9.71 27.00 33.50 130.00
9.71 33.50 39.90 128.00
9.10 39.90 46.50 132.00
67%: 30%: 3% 9.10 9.41 0.00 6.60 132.00 130.50 
8.98 6.60 12.50 118.00
8.98 12.50 18.50 120.00
8.93 18.50 23.80 106.00
64%: 35%: 1% 8.93 8.96 23.90 29.40 110.00 113.50 
9.08 29.40 35.90 130.00
9.08 35.90 42.40 130.00
9.11 0.00 6.10 122.00
63%: 35%: 2% 9.11 9.10 6.10 12.20 122.00 126.00 
9.12 12.20 18.60 128.00
9.12 18.60 25.00 128.00
9.10 25.00 31.30 126.00
62%: 35%: 3% 9.10 9.11 31.30 37.70 128.00 127.50 
9.02 37.70 43.70 120.00
9.02 43.70 49.60 118.00
9.00 0.00 5.20 104.00
60%: 40%: 0% 9.00 9.01 5.20 10.40 104.00 111.50 
8.69 10.50 15.30 96.00
Blank 8.69 8.69 15.50 20.30 96.00 96.00 
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Time = 3days 







8.79 0.00 4.90 98.00
8.90 4.90 9.80 98.00
8.81 9.80 15.30 110.00
77%: 20%: 3% 8.81 8.83 15.30 20.80 110.00 104.00 
8.82 20.80 26.30 110.00
8.82 26.30 31.80 110.00
8.84 31.80 36.90 102.00
73%: 25%: 2% 8.84 8.83 36.90 42.00 102.00 106.00 
8.93 0.00 6.20 124.00
8.93 6.20 12.30 122.00
8.94 12.30 18.70 128.00
72%: 25%: 3% 8.94 8.94 18.70 25.20 130.00 126.00 
8.96 25.20 31.90 134.00
8.96 31.90 38.90 140.00
8.93 0.00 6.20 124.00
69%: 30%: 1% 8.93 8.95 6.20 12.30 122.00 130.00 
8.68 12.30 16.90 92.00
Blank 8.68 8.68 16.90 21.50 92.00 92.00 
9.03 0.00 6.10 122.00
9.03 6.10 12.20 122.00
8.98 12.20 18.00 116.00
68%: 30%: 2% 8.98 9.01 18.00 23.80 116.00 119.00 
8.98 24.00 29.60 112.00
8.98 29.60 35.20 112.00
9.00 35.20 40.80 112.00
67%: 30%: 3% 9.00 8.99 40.80 46.40 112.00 112.00 
9.02 0.00 5.50 110.00
9.02 5.50 11.00 110.00
8.81 11.00 15.90 98.00
64%: 35%: 1% 8.81 8.92 16.00 20.90 98.00 104.00 
8.92 21.00 26.40 108.00
8.92 26.40 31.80 108.00
9.02 32.00 37.60 112.00
63%: 35%: 2% 9.02 8.97 37.60 43.20 112.00 110.00 
9.05 0.00 5.50 110.00
9.05 5.50 11.00 110.00
9.01 11.00 16.40 108.00
62%: 35%: 3% 9.01 9.03 16.40 21.80 108.00 109.00 
8.94 21.80 26.90 102.00
8.94 26.90 32.00 102.00
8.89 32.00 37.10 102.00
60%: 40%: 0% 8.89 8.92 37.10 42.20 102.00 102.00 
8.59 0.00 4.60 92.00
Blank 8.59 8.59 4.60 9.20 92.00 92.00 
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Time =  4days 







8.81 0.00 5.20 104.00
8.81 5.20 10.60 108.00
8.83 10.60 16.40 116.00
77%: 20%: 3% 8.83 8.82 16.40 22.60 124.00 113.00 
8.85 22.60 27.30 94.00
8.85 27.30 32.80 110.00
8.87 32.80 38.00 104.00
73%: 25%: 2% 8.88 8.86 38.00 43.30 106.00 103.50 
8.91 0.00 5.50 110.00
8.90 5.50 11.20 114.00
8.94 11.20 16.70 110.00
72%: 25%: 3% 8.93 8.92 16.70 22.40 114.00 112.00 
8.92 22.40 28.00 112.00
8.92 28.00 33.60 112.00
8.93 33.60 39.40 116.00
69%: 30%: 1% 8.94 8.93 39.40 45.40 120.00 115.00 
8.62 13.40 19.10 114.00
Blank 8.62 8.62 19.10 24.90 116.00 115.00 
8.98 0.00 5.90 118.00
9.04 5.90 11.90 120.00
9.04 11.90 17.70 116.00
68%: 30%: 2% 9.04 9.03 17.70 23.60 118.00 118.00 
9.08 23.60 29.40 116.00
9.08 29.40 35.20 116.00
9.07 35.20 40.80 112.00
67%: 30%: 3% 9.06 9.07 40.80 46.40 112.00 114.00 
8.98 0.00 5.30 106.00
8.98 5.30 10.60 106.00
8.79 10.60 15.50 98.00
64%: 35%: 1% 8.79 8.89 15.50 20.40 98.00 102.00 
9.02 20.40 25.90 110.00
9.02 25.90 31.40 110.00
8.96 31.40 36.70 106.00
63%: 35%: 2% 8.95 8.99 36.70 42.00 106.00 108.00 
8.98 42.00 47.40 108.00
8.98 0.00 5.50 110.00
9.02 5.50 10.70 104.00
62%: 35%: 3% 9.02 9.00 10.70 16.20 110.00 108.00 
8.93 16.20 21.30 102.00
8.93 21.30 26.60 106.00
8.84 26.60 31.60 100.00
60%: 40%: 0% 8.83 8.88 31.60 36.80 104.00 103.00 
8.56 36.80 41.40 92.00
Blank 8.55 8.56 41.40 46.10 94.00 93.00 
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Time = 5days 







8.81 0.00 5.50 110.00
8.81 5.50 11.00 110.00
8.82 11.00 16.10 102.00
77%: 20%: 3% 8.82 8.82 16.10 21.60 110.00 108.00 
8.83 21.60 26.90 106.00
8.83 26.90 32.20 106.00
8.87 32.20 38.40 124.00
73%: 25%: 2% 8.87 8.85 0.00 6.20 124.00 115.00 
8.78 6.20 12.20 120.00
8.78 12.20 18.40 124.00
8.90 19.00 24.60 112.00
72%: 25%: 3% 8.90 8.84 24.60 30.20 112.00 117.00 
8.84 31.80 36.90 102.00
8.84 36.90 42.00 102.00
8.80 0.00 5.20 104.00
69%: 30%: 1% 8.80 8.82 5.20 10.50 106.00 103.50 
8.64 10.50 15.10 92.00
Blank 8.64 8.64 15.10 19.80 94.00 93.00 
9.01 5.50 10.70 104.00
9.02 11.00 15.20 84.00
8.97 16.00 21.40 108.00
68%: 30%: 2% 8.97 8.99 22.00 27.30 106.00 100.50 
9.04 28.00 33.90 118.00
9.04 34.00 39.90 118.00
9.03 0.00 5.50 110.00
67%: 30%: 3% 9.03 9.04 5.50 10.70 104.00 112.50 
8.95 11.00 16.70 114.00
8.95 16.70 22.30 112.00
8.75 23.00 27.90 98.00
64%: 35%: 1% 8.75 8.85 28.00 32.90 98.00 105.50 
8.99 33.00 38.50 110.00
8.98 38.50 43.00 90.00
8.96 0.00 5.60 112.00
63%: 35%: 2% 8.96 8.97 5.60 10.80 104.00 104.00 
8.92 11.00 17.00 120.00
8.92 17.00 24.00 140.00
9.02 24.00 29.60 112.00
62%: 35%: 3% 9.02 8.97 29.60 35.20 112.00 121.00 
8.91 35.20 40.50 106.00
8.91 0.00 5.40 108.00
8.90 5.50 10.40 98.00
60%: 40%: 0% 8.90 8.91 10.40 15.30 98.00 102.50 
8.62 15.30 20.20 98.00
Blank 8.63 8.63 20.20 25.10 98.00 98.00 
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Time = 8days 







8.81 0.00 6.30 126.00
8.82 6.30 12.50 124.00
8.83 12.50 18.60 122.00
77%: 20%: 3% 8.83 8.82 18.60 24.90 126.00 124.50 
8.86 24.90 30.90 120.00
8.85 30.90 37.00 122.00
8.87 37.00 42.80 116.00
73%: 25%: 2% 8.87 8.86 0.00 5.90 118.00 119.00 
9.00 5.90 12.30 128.00
9.01 12.30 19.00 134.00
8.98 19.00 25.60 132.00
72%: 25%: 3% 8.97 8.99 25.60 32.30 134.00 132.00 
9.00 32.30 38.80 130.00
9.00 38.80 45.40 132.00
9.05 0.00 6.70 134.00
69%: 30%: 1% 9.05 9.03 6.70 13.40 134.00 132.50 
8.62 13.40 19.10 114.00
Blank 8.62 8.62 19.10 24.90 116.00 115.00 
8.98 0.00 5.90 118.00
9.04 5.90 11.90 120.00
9.04 11.90 17.70 116.00
68%: 30%: 2% 9.04 9.03 17.70 23.60 118.00 118.00 
9.08 23.60 29.40 116.00
9.08 29.40 35.20 116.00
9.07 35.20 40.80 112.00
67%: 30%: 3% 9.06 9.07 40.80 46.40 112.00 114.00 
8.98 0.00 5.30 106.00
8.98 5.30 10.60 106.00
8.79 10.60 15.50 98.00
64%: 35%: 1% 8.79 8.89 15.50 20.40 98.00 102.00 
9.02 20.40 25.90 110.00
9.02 25.90 31.40 110.00
8.96 31.40 36.70 106.00
63%: 35%: 2% 8.95 8.99 36.70 42.00 106.00 108.00 
8.98 42.00 47.40 108.00
8.98 0.00 5.50 110.00
9.02 5.50 10.70 104.00
62%: 35%: 3% 9.02 9.00 10.70 16.20 110.00 108.00 
8.93 16.20 21.30 102.00
8.93 21.30 26.60 106.00
8.84 26.60 31.60 100.00
60%: 40%: 0% 8.83 8.88 31.60 36.80 104.00 103.00 
8.56 36.80 41.40 92.00
Blank 8.55 8.56 41.40 46.10 94.00 93.00 
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Time = 11days 







8.84 40.10 45.50 108.00
8.85 5.20 10.50 106.00
8.85 10.50 15.50 100.00
77%: 20%: 3% 8.84 8.85 15.50 20.70 104.00 104.50 
8.85 20.70 25.50 96.00
8.85 25.50 30.50 100.00
8.85 30.50 35.30 96.00
73%: 25%: 2% 8.85 8.85 35.30 40.10 96.00 97.00 
8.99 40.10 45.50 108.00
8.99 0.00 5.40 108.00
8.98 5.40 10.90 110.00
72%: 25%: 3% 8.98 8.99 10.90 16.40 110.00 109.00 
8.97 16.40 21.70 106.00
8.97 21.70 27.10 108.00
8.97 27.10 32.40 106.00
69%: 30%: 1% 8.96 8.97 32.40 37.80 108.00 107.00 
8.50 37.80 41.70 78.00
Blank 8.49 8.50 41.70 45.70 80.00 79.00 
8.75 0.00 5.80 116.00
8.80 5.80 11.60 116.00
8.77 11.60 17.30 114.00
68%: 30%: 2% 8.77 8.77 17.30 23.20 118.00 116.00 
8.80 23.20 28.70 110.00
8.80 28.70 34.30 112.00
8.73 34.30 40.00 114.00
67%: 30%: 3% 8.73 8.77 40.00 45.80 116.00 113.00 
8.88 0.00 5.40 108.00
8.88 5.40 10.80 108.00
8.91 11.00 16.20 104.00
64%: 35%: 1% 8.91 8.90 16.20 22.30 122.00 110.50 
8.92 24.00 31.20 144.00
8.92 31.20 38.30 142.00
8.88 13.00 18.40 108.00
63%: 35%: 2% 8.88 8.90 18.40 23.60 104.00 124.50 
8.92 23.60 29.10 110.00
9.02 29.10 34.70 112.00
9.02 34.70 41.60 138.00
62%: 35%: 3% 8.91 8.97 17.00 24.00 140.00 125.00 
8.91 24.00 29.60 112.00
8.93 29.60 35.20 112.00
8.86 35.20 40.50 106.00
60%: 40%: 0% 8.86 8.89 0.00 5.40 108.00 109.50 
8.52 5.40 10.90 110.00





























































67%FGD:30%class C Fly Ash: 3%Portland Type II cement 
Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 353.04 261.91 428.41 408.75 373.45 379.87 338.75 430.32 437.38 379.10Calcium 
Released (mg/L) 2 341.82 289.23 463.61 408.58 350.83 354.06 345.46 474.05 448.65 386.25
1 128.22 67.49 236.09 215.09 180.20 178.69 134.29 228.14 206.16 174.93With Blank 
Correction 2 116.99 94.81 271.29 214.92 157.59 152.88 141.00 271.86 217.43 182.08
1 1.03 0.54 1.89 1.72 1.44 1.43 1.07 1.83 1.65 N/A Ca2+ flux 
(mg/cm2) 2 0.94 0.76 2.17 1.72 1.26 1.22 1.13 2.17 1.74 N/A 
1 1.03 1.57 3.45 5.18 6.62 8.05 9.12 10.95 12.59 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 0.94 1.69 3.86 5.58 6.84 8.07 9.20 11.37 13.11 N/A 
1 530.83 529.46 629.05 611.95 588.16 595.35 546.29 625.79 664.34 591.25
Sulfate Released 2 410.68 544.30 660.52 609.04 584.46 572.82 549.44 662.69 620.26 579.36
1 204.86 51.38 147.32 131.17 122.67 129.02 105.78 147.96 111.32 127.94With Blank 
Correction 2 84.71 66.22 178.79 128.26 118.98 106.49 108.93 184.86 67.25 116.05
1 1.64 0.41 1.18 1.05 0.98 1.03 0.85 1.18 0.89 N/A 
SO42- (mg/cm2) 2 0.68 0.53 1.43 1.03 0.95 0.85 0.87 1.48 0.54 N/A 
1 1.64 2.05 3.23 4.28 5.26 6.29 7.14 8.32 9.21 N/A SO42-Cumulative 





























73%FGD:25%class C Fly Ash: 2%Portland Type II cement 
Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 389.88 467.88 651.20 622.87 498.64 464.57 476.35 600.47 650.34 535.80Calcium 
Released (mg/L) 2 492.78 552.71 621.60 611.97 507.04 455.26 464.73 602.23 600.34 545.41
1 66.28 132.38 302.39 293.48 162.88 153.56 168.09 289.05 341.63 212.19With Blank 
Correction 2 169.18 217.21 272.79 282.57 171.28 144.25 156.48 290.81 291.63 221.80
1 0.53 1.06 2.42 2.35 1.30 1.23 1.34 2.31 2.73 N/A Ca2+ flux 
(mg/cm2) 2 1.35 1.74 2.18 2.26 1.37 1.15 1.25 2.33 2.33 N/A 
1 0.53 1.59 4.01 6.36 7.66 8.89 10.23 12.54 15.28 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 1.35 3.09 5.27 7.53 8.90 10.06 11.31 13.64 15.97 N/A 
1 672.62 586.66 798.25 866.95 802.71 706.98 733.66 787.52 708.70 740.45
Sulfate Released 2 722.24 700.81 789.76 847.07 816.30 702.16 722.76 791.46 650.91 749.28
1 172.55 41.84 140.03 169.11 36.11 39.13 104.69 146.44 234.68 120.51With Blank 
Correction 2 222.18 155.98 131.54 149.23 49.71 34.31 93.79 150.39 176.89 129.34
1 1.38 0.33 1.12 1.35 0.29 0.31 0.84 1.17 1.88 N/A 
SO42- (mg/cm2) 2 1.78 1.25 1.05 1.19 0.40 0.27 0.75 1.20 1.42 N/A 
1 1.38 1.72 2.84 4.19 4.48 4.79 5.63 6.80 8.68 N/A SO42-Cumulative 















period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 502.38 529.81 632.98 605.20 557.86 461.90 455.34 612.22 812.11 574.42Calcium 
Released (mg/L) 2 466.95 542.21 666.98 624.96 518.54 490.21 459.22 623.97 625.00 557.56
1 178.77 194.31 284.17 275.81 222.10 150.90 147.09 300.81 503.41 250.82With Blank 
Correction 2 143.35 206.71 318.17 295.56 182.78 179.21 150.97 312.55 316.30 233.95
1 1.43 1.55 2.27 2.21 1.78 1.21 1.18 2.41 4.03 N/A Ca2+ flux 
(mg/cm2) 2 1.15 1.65 2.55 2.36 1.46 1.43 1.21 2.50 2.53 N/A 
1 1.43 2.98 5.26 7.46 9.24 10.45 11.63 14.03 18.06 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 1.15 2.80 5.35 7.71 9.17 10.61 11.81 14.31 16.84 N/A 
1 723.94 658.04 807.39 855.35 912.32 714.97 729.58 812.33 918.45 792.48
Sulfate Released 2 672.93 679.35 835.74 874.01 840.16 750.00 735.60 821.14 694.05 767.00
1 223.87 113.21 149.18 157.52 145.73 47.11 100.61 171.25 444.42 172.54With Blank 
Correction 2 172.87 134.52 177.52 176.18 73.56 82.14 106.63 180.06 220.03 147.06
1 1.79 0.91 1.19 1.26 1.17 0.38 0.80 1.37 3.56 N/A 
SO42- (mg/cm2) 2 1.38 1.08 1.42 1.41 0.59 0.66 0.85 1.44 1.76 N/A 
1 1.79 2.70 3.89 5.15 6.32 6.69 7.50 8.87 12.42 N/A SO42-Cumulative 














































period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 354.60 295.75 386.41 380.34 336.94 334.45 321.49 419.10 385.61 357.19Calcium 
Released (mg/L) 2 331.16 278.14 388.24 357.85 300.42 296.36 314.44 394.69 378.46 337.75
1 129.78 101.33 194.09 186.68 143.69 133.27 117.03 216.92 154.39 153.02With Blank 
Correction 2 106.33 83.72 195.92 164.19 107.17 95.18 109.98 192.50 147.24 133.58
1 1.04 0.81 1.55 1.49 1.15 1.07 0.94 1.74 1.24 N/A Ca2+ flux 
(mg/cm2) 2 0.85 0.67 1.57 1.31 0.86 0.76 0.88 1.54 1.18 N/A 
1 1.04 1.85 3.40 4.90 6.04 7.11 8.05 9.78 11.02 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 0.85 1.52 3.09 4.40 5.26 6.02 6.90 8.44 9.62 N/A 
1 408.43 543.72 610.25 592.50 560.30 557.61 528.27 615.79 574.67 554.62
Sulfate Released 2 405.61 537.07 601.02 584.63 537.62 530.52 518.95 602.39 593.68 545.72
1 82.47 65.64 128.52 111.72 94.82 91.29 87.76 137.96 21.65 91.32With Blank 
Correction 2 79.65 58.99 119.29 103.85 72.14 64.19 78.45 124.56 40.66 82.42
1 0.66 0.53 1.03 0.89 0.76 0.73 0.70 1.10 0.17 N/A 
SO42- (mg/cm2) 2 0.64 0.47 0.95 0.83 0.58 0.51 0.63 1.00 0.33 N/A 
1 0.66 1.18 2.21 3.11 3.87 4.60 5.30 6.40 6.57 N/A SO42-Cumulative 
Flux (mg/cm2) 2 0.64 1.11 2.06 2.89 3.47 3.98 4.61 5.61 5.93 N/A 





























period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 318.55 293.30 447.56 426.04 384.07 348.33 358.33 445.23 405.65 380.79Calcium 
Released (mg/L) 2 314.47 307.36 447.89 415.18 352.08 365.33 405.01 426.95 449.02 387.03
1 93.73 98.88 255.25 232.38 190.82 147.15 153.87 243.04 174.43 176.62With Blank 
Correction 2 89.65 112.94 255.58 221.52 158.83 164.15 200.55 224.76 217.80 182.86
1 0.75 0.79 2.04 1.86 1.53 1.18 1.23 1.94 1.40 N/A Ca2+ flux 
(mg/cm2) 2 0.72 0.90 2.04 1.77 1.27 1.31 1.60 1.80 1.74 N/A 
1 0.75 1.54 3.58 5.44 6.97 8.15 9.38 11.32 12.72 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 0.72 1.62 3.67 5.44 6.71 8.02 9.63 11.42 13.17 N/A 
1 391.89 552.57 642.44 606.68 584.54 562.74 574.40 630.97 594.06 571.14
Sulfate Released 2 382.23 545.23 620.75 605.04 558.29 576.37 602.24 619.54 618.48 569.80
1 65.93 74.49 160.71 125.90 119.06 96.41 133.90 153.14 41.04 107.84With Blank 
Correction 2 56.27 67.15 139.03 124.26 92.81 110.04 161.74 141.71 65.47 106.50
1 0.53 0.60 1.29 1.01 0.95 0.77 1.07 1.23 0.33 N/A 
SO42- (mg/cm2) 2 0.45 0.54 1.11 0.99 0.74 0.88 1.29 1.13 0.52 N/A 
1 0.53 1.12 2.41 3.42 4.37 5.14 6.21 7.44 7.76 N/A SO42-Cumulative 
Flux (mg/cm2) 2 0.45 0.99 2.10 3.09 3.84 4.72 6.01 7.14 7.67 N/A 






























period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 299.29 284.62 399.18 401.01 310.72 361.36 365.00 431.31 412.35 362.76Calcium 
Released (mg/L) 2 301.94 249.49 433.64 425.38 361.74 330.61 356.96 451.26 429.11 371.13
1 103.84 80.25 172.37 131.45 84.59 74.04 131.12 140.07 170.96 325.14With Blank 
Correction 2 74.47 90.20 206.86 207.34 117.47 160.19 160.54 229.12 181.13 362.76
1 0.60 0.72 1.65 1.66 0.94 1.28 1.28 1.83 1.45 N/A Ca2+ flux 
(mg/cm2) 2 0.62 0.44 1.93 1.85 1.35 1.04 1.22 1.99 1.58 N/A 
1 0.60 1.32 2.97 4.63 5.57 6.85 8.14 9.97 11.42   Ca2+Cumulative 
Flux (mg/cm2) 2 0.62 1.06 2.99 4.84 6.19 7.23 8.45 10.44 12.02   
1 382.15 547.30 591.41 600.42 534.42 573.73 570.33 624.26 600.41 558.27
Sulfate Released 2 368.34 515.01 617.24 626.65 579.40 542.93 563.06 659.47 609.02 564.57
1 56.19 69.22 109.69 119.64 68.93 107.41 129.83 146.43 47.39 94.97With Blank 
Correction 2 42.37 36.93 135.52 145.86 113.92 76.60 122.56 181.64 56.00 101.27
1 0.45 0.55 0.88 0.96 0.55 0.86 1.04 1.17 0.38 N/A 
SO42- (mg/cm2) 2 0.34 0.30 1.08 1.17 0.91 0.61 0.98 1.45 0.45 N/A 
1 0.45 1.00 1.88 2.84 3.39 4.25 5.29 6.46 6.84   SO42-Cumulative 
Flux (mg/cm2) 2 0.34 0.63 1.72 2.89 3.80 4.41 5.39 6.84 7.29   





























period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 361.06 275.18 465.79 329.50 357.56 337.28 262.67 399.32 406.17 354.95Calcium 
Released (mg/L) 2 328.67 274.67 364.69 325.11 277.84 275.22 335.58 342.26 402.18 325.14
1 136.24 80.76 273.47 135.83 164.31 136.10 58.21 197.13 174.95 150.78With Blank 
Correction 2 103.84 80.25 172.37 131.45 84.59 74.04 131.12 140.07 170.96 120.97
1 1.09 0.65 2.19 1.09 1.31 1.09 0.47 1.58 1.40 N/A Ca2+ flux 
(mg/cm2) 2 0.83 0.64 1.38 1.05 0.68 0.59 1.05 1.12 1.37 N/A 
1 1.09 1.74 3.92 5.01 6.32 7.41 7.88 9.46 10.86 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 0.83 1.47 2.85 3.90 4.58 5.17 6.22 7.34 8.71 N/A 
1 418.87 533.70 662.81 578.42 574.05 561.68 482.92 615.68 600.88 558.78
Sulfate Released 2 399.69 534.80 576.29 541.36 516.95 505.77 552.44 552.63 606.18 531.79
1 92.91 55.62 181.08 97.64 108.57 95.35 42.41 137.85 47.86 95.48With Blank 
Correction 2 73.73 56.72 94.56 60.57 51.46 39.44 111.94 74.81 53.17 68.49
1 0.74 0.44 1.45 0.78 0.87 0.76 0.34 1.10 0.38 N/A 
SO42- (mg/cm2) 2 0.59 0.45 0.76 0.48 0.41 0.32 0.90 0.60 0.43 N/A 
1 0.74 1.19 2.64 3.42 4.29 5.05 5.39 6.49 6.87 N/A SO42-Cumulative 









period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 454.02 541.31 676.14 674.18 569.37 439.45 488.02 635.13 671.01 572.07Calcium 
Released (mg/L) 2 566.45 520.64 676.34 629.93 555.15 515.99 484.80 646.38 735.81 592.39
1 130.41 205.80 327.33 344.78 233.61 128.45 179.77 323.72 362.31 248.46With Blank 
Correction 2 242.84 185.14 327.53 300.54 219.39 204.99 176.54 334.97 427.11 268.78
1 1.04 1.65 2.62 2.76 1.87 1.03 1.44 2.59 2.90 N/A Ca2+ flux 
(mg/cm2) 2 1.94 1.48 2.62 2.40 1.76 1.64 1.41 2.68 3.42 N/A 
1 1.04 2.69 5.31 8.07 9.94 10.96 12.40 14.99 17.89 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 1.94 3.42 6.04 8.45 10.20 11.84 13.26 15.94 19.35 N/A 
1 670.99 677.21 803.93 907.72 913.47 669.31 754.12 821.38 721.42 771.06
Sulfate Released 2 820.68 651.38 830.73 860.26 854.53 770.24 743.30 831.57 789.20 794.65
1 170.92 132.38 145.71 209.88 146.88 1.46 125.15 180.30 247.40 151.12With Blank 
Correction 2 320.62 106.56 172.51 162.42 87.94 102.39 114.33 190.50 315.17 174.71
1 1.37 1.06 1.17 1.68 1.18 0.01 1.00 1.44 1.98 N/A 
SO42- (mg/cm2) 2 2.56 0.85 1.38 1.30 0.70 0.82 0.91 1.52 2.52 N/A 
1 1.37 2.43 3.59 5.27 6.45 6.46 7.46 8.90 10.88 N/A SO42-Cumulative 


















































72%FGD:25%class C Fly Ash: 3%Portland Type II cement 
Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 484.83 566.80 577.48 624.33 601.85 504.99 479.77 626.62 739.66 578.48Calcium 
Released (mg/L) 2 392.72 546.89 723.22 652.14 625.36 503.96 498.76 679.38 748.74 596.80
1 161.23 231.30 228.67 294.94 266.09 193.99 171.52 315.20 430.96 254.88With Blank 
Correction 2 69.11 211.39 374.41 322.75 289.60 192.96 190.50 367.96 440.04 273.19
1 1.29 1.85 1.83 2.36 2.13 1.55 1.37 2.52 3.45 N/A Ca2+ flux 
(mg/cm2) 2 0.55 1.69 3.00 2.58 2.32 1.54 1.52 2.94 3.52 N/A 
1 1.29 3.14 4.97 7.33 9.46 11.01 12.38 14.90 18.35 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 0.55 2.24 5.24 7.82 10.14 11.68 13.21 16.15 19.67 N/A 
1 691.12 693.50 683.88 865.08 930.96 741.48 727.65 810.42 783.79 769.76
Sulfate Released 2 579.15 664.70 856.80 869.90 981.39 752.77 753.28 848.32 808.64 790.55
1 191.06 148.68 25.66 167.24 164.37 73.63 98.68 169.35 309.77 149.82With Blank 
Correction 2 79.09 119.87 198.58 172.07 214.80 84.91 124.31 207.25 334.61 170.61
1 1.53 1.19 0.21 1.34 1.31 0.59 0.79 1.35 2.48 N/A 
SO42- (mg/cm2) 2 0.63 0.96 1.59 1.38 1.72 0.68 0.99 1.66 2.68 N/A 
1 1.53 2.72 2.92 4.26 5.58 6.17 6.95 8.31 10.79 N/A SO42-Cumulative 









period(T,days)   0.08 0.29 1 2 3 4 5 8 11 Average
1 368.76 294.80 518.01 467.89 428.21 412.69 334.84 543.43 531.74 433.38Calcium 
Released (mg/L) 2 366.70 288.22 436.25 419.11 352.84 366.15 347.37 444.14 448.35 385.46
1 143.94 100.38 325.70 274.23 234.96 211.51 130.38 341.24 300.52 229.21With Blank 
Correction 2 141.88 93.80 243.93 225.44 159.59 164.97 142.91 241.95 217.13 181.29
1 1.15 0.80 2.61 2.19 1.88 1.69 1.04 2.73 2.40 N/A Ca2+ flux 
(mg/cm2) 2 1.14 0.75 1.95 1.80 1.28 1.32 1.14 1.94 1.74 N/A 
1 1.15 1.95 4.56 6.75 8.63 10.33 11.37 14.10 16.50 N/A Ca2+Cumulative 
Flux (mg/cm2) 2 1.14 1.89 3.84 5.64 6.92 8.24 9.38 11.32 13.05 N/A 
1 470.96 557.81 703.76 669.87 636.22 627.13 547.06 715.18 693.29 624.59
Sulfate Released 2 437.84 554.88 658.81 642.81 588.36 596.24 547.80 659.12 626.80 590.29
1 145.00 79.73 222.03 189.09 170.74 160.80 106.56 237.35 140.28 161.29With Blank 
Correction 2 111.88 76.80 177.09 162.03 122.88 129.91 107.29 181.29 73.78 126.99
1 1.16 0.64 1.78 1.51 1.37 1.29 0.85 1.90 1.12 N/A 
SO42- (mg/cm2) 2 0.90 0.61 1.42 1.30 0.98 1.04 0.86 1.45 0.59 N/A 
1 1.16 1.80 3.57 5.09 6.45 7.74 8.59 10.49 11.61 N/A SO42-Cumulative 
























period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 299.42 433.63 637.94 628.81 581.72 531.12 496.33 577.97 522.64 540.46 594.18 600.45 727.00 637.92 682.79 566.16
2 315.34 432.68 644.64 634.32 570.13 530.51 496.50 604.43 721.37 388.03 582.76 585.27 737.04 666.43 660.98 571.36Calcium (mg/L) 
Released 3 314.58 435.94 690.65 628.73 556.86 520.52 499.16 659.26 518.62 486.24 553.67 582.43 723.40 640.20 761.12 571.42
1 86.85 221.06 425.37 416.24 369.15 318.55 283.76 365.40 310.06 327.89 381.60 387.88 514.43 425.35 470.21 353.59
2 102.77 220.11 432.07 421.75 357.55 317.94 283.93 391.86 508.80 175.46 370.19 372.70 524.47 453.86 448.41 358.79
Calcium With 
Blank Corrections 
(mg/L) 3 102.01 223.37 478.08 416.16 344.29 307.94 286.59 446.69 306.04 273.67 341.10 369.86 510.83 427.63 548.54 358.85
1 0.69 1.77 3.40 3.33 2.95 2.55 2.27 2.92 2.48 2.62 3.05 3.10 4.12 3.40 3.76 N/A 
2 0.82 1.76 3.46 3.37 2.86 2.54 2.27 3.13 4.07 1.40 2.96 2.98 4.20 3.63 3.59 N/A    Calcium Flux 
(mg/cm-2 ) 3 0.82 1.79 3.82 3.33 2.75 2.46 2.29 3.57 2.45 2.19 2.73 2.96 4.09 3.42 4.39 N/A 
1 0.69 2.46 5.87 9.20 12.15 14.70 16.97 19.89 22.37 24.99 28.05 31.15 35.27 38.67 42.43 N/A 
2 0.82 2.58 6.04 9.41 12.27 14.82 17.09 20.22 24.29 25.70 28.66 31.64 35.84 39.47 43.05 N/A 
 Calcium 
Cumulative Flux 
(mg/cm-2) 3 0.82 2.60 6.43 9.76 12.51 14.97 17.27 20.84 23.29 25.48 28.21 31.17 35.25 38.67 43.06 N/A 
1 1632.34 1679.21 1882.50 1986.29 1940.05 1910.22 1838.75 2039.35 1903.20 1859.18 2998.59 1976.67 2301.85 2079.33 2315.52 2022.87
2 1609.33 1419.79 1949.42 1976.62 1918.25 1928.74 1866.83 2018.18 1978.69 1910.04 1987.33 1894.80 2323.57 2141.63 2225.86 1943.27Sulfate SO42- 
(mg/L) Released 3 1637.77 1739.76 2008.22 1995.35 1896.91 1886.79 1906.80 2173.93 2002.43 1848.65 1997.62 1877.08 2352.64 2120.80 2437.18 1992.13
1 98.62 145.50 348.78 452.57 406.34 376.51 305.04 505.64 369.49 325.46 1464.87 442.95 768.13 545.62 781.80 489.16
2 75.61 -113.93 415.70 442.91 384.53 395.02 333.12 484.47 444.97 376.33 453.62 361.08 789.86 607.91 692.14 409.56Sulfate With Blank 
Corrections (mg/L) 3 104.05 206.04 474.50 461.63 363.19 353.08 373.08 640.22 468.72 314.94 463.90 343.36 818.92 587.09 903.47 458.41
1 0.79 1.16 2.79 3.62 3.25 3.01 2.44 4.05 2.96 2.60 11.72 3.54 6.15 4.36 6.25 N/A 
2 0.60 -0.91 3.33 3.54 3.08 3.16 2.66 3.88 3.56 3.01 3.63 2.89 6.32 4.86 5.54 N/A Sulfate Flux 
(mg/cm-2 ) 3 0.83 1.65 3.80 3.69 2.91 2.82 2.98 5.12 3.75 2.52 3.71 2.75 6.55 4.70 7.23 N/A 
1 0.79 1.95 4.74 8.36 11.61 14.63 17.07 21.11 24.07 26.67 38.39 41.93 48.08 52.44 58.70 N/A 
2 0.60 -0.31 3.02 6.56 9.64 12.80 15.46 19.34 22.90 25.91 29.54 32.43 38.75 43.61 49.15 N/A Sulfate Cumulative 
Flux (mg/cm-2) 3 0.83 2.48 6.28 9.97 12.88 15.70 18.68 23.81 27.56 30.08 33.79 36.53 43.09 47.78 55.01 N/A 






period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 257.8 396.1 591.5 585.0 543.4 527.4 487.5 628.7 544.3 616.3 567.4 668.0 792.5 678.9 788.3 578.2
2 286.7 434.6 617.9 583.2 543.5 494.0 454.3 652.9 527.9 504.1 662.8 612.4 731.7 677.2 755.4 569.2Calcium (mg/L) 
Released 3 307.4 400.1 648.1 644.7 575.9 556.2 491.4 616.3 515.6 467.3 595.7 645.7 793.8 728.9 770.8 583.9
1 45.2 183.5 378.9 372.4 330.8 314.9 274.9 416.2 331.7 403.7 354.8 455.4 579.9 466.3 575.7 365.6
2 74.2 222.0 405.3 370.6 331.0 281.4 241.7 440.3 315.3 291.5 450.2 399.8 519.2 464.7 542.8 356.7
Calcium With 
Blank Corrections 
(mg/L) 3 94.8 187.5 435.6 432.2 363.3 343.6 278.9 403.7 303.1 254.7 383.1 433.2 581.3 516.3 558.2 371.3
1 0.4 1.5 3.0 3.0 2.6 2.5 2.2 3.3 2.7 3.2 2.8 3.6 4.6 3.7 4.6 N/A 
2 0.6 1.8 3.2 3.0 2.6 2.3 1.9 3.5 2.5 2.3 3.6 3.2 4.2 3.7 4.3 N/A    Calcium Flux 
(mg/cm-2 ) 3 0.8 1.5 3.5 3.5 2.9 2.7 2.2 3.2 2.4 2.0 3.1 3.5 4.7 4.1 4.5 N/A 
1 0.4 1.8 4.9 7.8 10.5 13.0 15.2 18.5 21.2 24.4 27.3 30.9 35.5 39.3 43.9 N/A 
2 0.6 2.4 5.6 8.6 11.2 13.5 15.4 18.9 21.5 23.8 27.4 30.6 34.7 38.5 42.8 N/A 
 Calcium 
Cumulative Flux 
(mg/cm-2) 3 0.8 2.3 5.7 9.2 12.1 14.9 17.1 20.3 22.7 24.8 27.8 31.3 36.0 40.1 44.6 N/A 
1 1603.7 1682.8 1888.9 1898.0 1858.2 1986.6 2599.2 1984.9 1956.8 1914.4 2090.5 2146.4 2496.8 2216.2 2442.3 2051.1
2 1676.0 1752.6 1902.6 1922.4 1837.1 1854.8 1903.0 2111.9 2261.8 2673.6 2017.2 2104.1 2397.6 2240.3 2407.8 2070.8Sulfate SO42- 
(mg/L) Released 3 1648.6 1721.7 1888.4 2007.4 1912.2 2005.1 1721.6 2040.5 2375.4 1958.4 2193.3 2053.6 2397.1 2463.8 2370.6 2050.5
1 70.0 149.1 355.2 364.3 324.5 452.9 1065.5 451.2 423.0 380.7 556.8 612.6 963.1 682.5 908.6 517.3
2 142.3 218.9 368.9 388.6 303.3 321.1 369.2 578.2 728.1 1139.8 483.4 570.3 863.9 706.6 874.1 537.1Sulfate With Blank 
Corrections (mg/L) 3 114.9 188.0 354.7 473.7 378.5 471.4 187.9 506.8 841.7 424.7 659.6 519.9 863.4 930.1 836.9 516.8
1 0.6 1.2 2.8 2.9 2.6 3.6 8.5 3.6 3.4 3.0 4.5 4.9 7.7 5.5 7.3 N/A 
2 1.1 1.8 3.0 3.1 2.4 2.6 3.0 4.6 5.8 9.1 3.9 4.6 6.9 5.7 7.0 N/A Sulfate Flux 
(mg/cm-2 ) 3 0.9 1.5 2.8 3.8 3.0 3.8 1.5 4.1 6.7 3.4 5.3 4.2 6.9 7.4 6.7 N/A 
1 0.6 1.8 4.6 7.5 10.1 13.7 22.3 25.9 29.2 32.3 36.7 41.6 49.4 54.8 62.1 N/A 
2 1.1 2.9 5.8 9.0 11.4 13.9 16.9 21.5 27.3 36.5 40.3 44.9 51.8 57.5 64.5 N/A Sulfate Cumulative 
Flux (mg/cm-2) 3 0.9 2.4 5.3 9.1 12.1 15.8 17.4 21.4 28.1 31.5 36.8 41.0 47.9 55.3 62.0 N/A 





period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 315.12 431.24 609.99 602.93 533.70 524.64 468.12 583.25 518.19 517.29 613.80 584.19 737.59 722.97 711.29 564.95
2 326.86 438.27 597.07 669.14 550.16 488.17 514.09 595.08 500.22 458.42 525.85 569.91 700.18 626.38 667.22 548.47
Calcium - 
(mg/L) 
Released 3 342.80 440.38 631.38 589.55 547.91 499.49 475.74 561.03 562.22 569.09 796.30 573.86 743.04 659.58 688.12 578.70
1 102.55 218.67 397.42 390.36 321.13 312.07 255.55 370.67 305.61 304.72 401.23 371.62 525.02 510.40 498.72 352.38




(mg/L) 3 130.23 227.81 418.81 376.98 335.34 286.92 263.17 348.46 349.64 356.52 583.73 361.28 530.47 447.01 475.55 366.13
1 0.82 1.75 3.18 3.12 2.57 2.50 2.04 2.97 2.44 2.44 3.21 2.97 4.20 4.08 3.99 N/A 
2 0.91 1.81 3.08 3.65 2.70 2.20 2.41 3.06 2.30 1.97 2.51 2.86 3.90 3.31 3.64 N/A    Calcium Flux 
(mg/cm-2 ) 3 1.04 1.82 3.35 3.02 2.68 2.30 2.11 2.79 2.80 2.85 4.67 2.89 4.24 3.58 3.80 N/A 
1 0.82 2.57 5.75 8.87 11.44 13.94 15.98 18.95 21.39 23.83 27.04 30.01 34.21 38.30 42.29 N/A 
2 0.91 2.72 5.80 9.45 12.15 14.35 16.77 19.83 22.13 24.09 26.60 29.46 33.36 36.67 40.31 N/A 
 Calcium 
Cumulative 
Flux (mg/cm-2) 3 1.04 2.86 6.21 9.23 11.91 14.21 16.31 19.10 21.90 24.75 29.42 32.31 36.55 40.13 43.94 N/A 
1 1656.57 1782.05 1998.67 1977.28 1903.52 3443.03 1887.28 2032.60 2175.19 1919.80 2097.42 1941.03 2414.47 2289.34 2304.11 2121.49
2 1685.50 1753.35 1977.75 2110.30 1918.86 3363.07 1996.91 2147.94 2055.92 1895.56 2038.04 1958.31 2347.09 2070.87 2214.97 2102.30
Sulfate SO42- 
(mg/L) 
Released 3 1686.70 1773.18 1986.78 1936.47 1949.30 1886.76 2134.35 2107.46 2195.42 1877.89 1999.87 1971.01 2362.86 2134.64 2237.12 2015.99
1 122.85 248.34 464.96 443.57 369.80 1909.31 353.57 498.89 641.47 386.09 563.70 407.31 880.76 755.63 770.39 587.78




(mg/L) 3 152.99 239.46 453.07 402.76 415.59 353.04 600.63 573.75 661.70 344.18 466.16 437.29 829.15 600.92 703.40 482.27
1 0.98 1.99 3.72 3.55 2.96 15.27 2.83 3.99 5.13 3.09 4.51 3.26 7.05 6.05 6.16 N/A 
2 1.21 1.76 3.55 4.61 3.08 14.63 3.71 4.91 4.18 2.89 4.03 3.40 6.51 4.30 5.45 N/A Sulfate Flux 
(mg/cm-2 ) 3 1.22 1.92 3.62 3.22 3.32 2.82 4.81 4.59 5.29 2.75 3.73 3.50 6.63 4.81 5.63 N/A 
1 0.98 2.97 6.69 10.24 13.20 28.47 31.30 35.29 40.42 43.51 48.02 51.28 58.33 64.37 70.53 N/A 
2 1.21 2.97 6.52 11.14 14.22 28.85 32.56 37.47 41.65 44.54 48.58 51.98 58.48 62.78 68.23 N/A 
Sulfate 
Cumulative 
Flux (mg/cm-2) 3 1.22 3.14 6.76 9.99 13.31 16.14 20.94 25.53 30.82 33.58 37.31 40.81 47.44 52.25 57.87 N/A 




 64%FGD:35%class C Fly Ash: 1%Portland Type II cement
Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 354.73 414.74 677.11 588.86 549.47 488.04 479.43 557.43 550.51 530.46 579.14 555.39 716.19 573.36 652.56 551.16
2 343.75 460.16 621.75 583.21 526.00 492.40 490.65 546.82 551.29 481.74 40.17 625.65 743.49 637.59 691.43 522.41
Calcium - 
(mg/L) 
Released 3 369.78 470.93 768.70 629.12 577.18 527.04 454.77 628.18 265.88 271.26 603.65 577.05 756.21 634.53 641.04 545.02
1 142.16 202.17 464.54 376.29 336.89 275.47 266.86 344.86 337.94 317.88 366.57 342.82 503.62 360.79 439.99 338.59




(mg/L) 3 157.21 258.36 556.13 416.54 364.61 314.47 242.20 415.61 53.31 58.69 391.08 364.48 543.64 421.96 428.47 332.45
1 1.14 1.62 3.72 3.01 2.70 2.20 2.13 2.76 2.70 2.54 2.93 2.74 4.03 2.89 3.52 N/A 
2 1.05 1.98 3.27 2.97 2.51 2.24 2.22 2.67 2.71 2.15 -1.38 3.30 4.25 3.40 3.83 N/A    Calcium Flux 
(mg/cm-2 ) 3 1.26 2.07 4.45 3.33 2.92 2.52 1.94 3.32 0.43 0.47 3.13 2.92 4.35 3.38 3.43 N/A 
1 1.14 2.75 6.47 9.48 12.18 14.38 16.52 19.27 21.98 24.52 27.45 30.20 34.22 37.11 40.63 N/A 
2 1.05 3.03 6.30 9.27 11.78 14.01 16.24 18.91 21.62 23.78 22.40 25.70 29.95 33.35 37.18 N/A 
 Calcium 
Cumulative 
Flux (mg/cm-2) 3 1.26 3.32 7.77 11.11 14.02 16.54 18.48 21.80 22.23 22.70 25.83 28.74 33.09 36.47 39.89 N/A 
1 1697.29 1765.92 1934.38 1903.05 1967.45 1795.44 1894.96 2087.50 1944.69 1933.37 1981.19 1912.94 2266.64 1942.19 2377.69 1960.31
2 1594.55 1811.98 1971.42 1991.62 1864.44 2674.60 3776.37 1913.57 2145.23 1919.53 2132.99 2117.40 2326.35 2045.51 2002.80 2152.56
Sulfate SO42- 
(mg/L) 
Released 3 1687.49 1804.88 2191.54 2021.96 2018.17 2632.58 3924.76 2128.88 2128.92 1881.86 2018.85 1957.63 2400.96 2082.51 1925.96 2187.13
1 163.58 232.21 400.66 369.34 433.74 261.72 361.25 553.79 410.97 399.65 447.48 379.23 732.92 408.48 843.98 426.60




(mg/L) 3 153.78 271.17 657.83 488.25 484.45 1098.86 2391.05 595.16 595.20 348.14 485.13 423.91 867.25 548.79 392.24 653.41
1 1.31 1.86 3.21 2.95 3.47 2.09 2.89 4.43 3.29 3.20 3.58 3.03 5.86 3.27 6.75 N/A 
2 0.49 2.23 3.50 3.66 2.65 9.13 17.94 3.04 4.89 3.09 4.79 4.67 6.34 4.09 3.75 N/A Sulfate Flux 
(mg/cm-2 ) 3 1.23 2.17 5.26 3.91 3.88 8.79 19.13 4.76 4.76 2.79 3.88 3.39 6.94 4.39 3.14 N/A 
1 1.31 3.17 6.37 9.33 12.80 14.89 17.78 22.21 25.50 28.70 32.28 35.31 41.17 44.44 51.19 N/A 
2 0.49 2.71 6.21 9.88 12.52 21.65 39.59 42.63 47.52 50.61 55.40 60.07 66.41 70.51 74.26 N/A 
Sulfate 
Cumulative 
Flux (mg/cm-2) 3 1.23 3.40 8.66 12.57 16.44 25.23 44.36 49.12 53.89 56.67 60.55 63.94 70.88 75.27 78.41 N/A 
 131




period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 354.73 414.74 677.11 588.86 549.47 488.04 479.43 557.43 550.51 530.46 579.14 555.39 716.19 573.36 652.56 551.16
2 343.75 460.16 621.75 583.21 526.00 492.40 490.65 546.82 551.29 481.74 40.17 625.65 743.49 637.59 691.43 522.41Calcium (mg/L) 
Released 3 369.78 470.93 768.70 629.12 577.18 527.04 454.77 628.18 265.88 271.26 603.65 577.05 756.21 634.53 641.04 545.02
1 142.16 202.17 464.54 376.29 336.89 275.47 266.86 344.86 337.94 317.88 366.57 342.82 503.62 360.79 439.99 338.59
2 131.18 247.59 409.18 370.64 313.42 279.83 278.08 334.25 338.72 269.17 -172.40 413.08 530.92 425.02 478.86 309.84
Calcium With 
Blank Corrections 
(mg/L) 3 157.21 258.36 556.13 416.54 364.61 314.47 242.20 415.61 53.31 58.69 391.08 364.48 543.64 421.96 428.47 332.45
1 1.14 1.62 3.72 3.01 2.70 2.20 2.13 2.76 2.70 2.54 2.93 2.74 4.03 2.89 3.52 N/A 
2 1.05 1.98 3.27 2.97 2.51 2.24 2.22 2.67 2.71 2.15 -1.38 3.30 4.25 3.40 3.83 N/A    Calcium Flux 
(mg/cm-2 ) 3 1.26 2.07 4.45 3.33 2.92 2.52 1.94 3.32 0.43 0.47 3.13 2.92 4.35 3.38 3.43 N/A 
1 1.14 2.75 6.47 9.48 12.18 14.38 16.52 19.27 21.98 24.52 27.45 30.20 34.22 37.11 40.63 N/A 
2 1.05 3.03 6.30 9.27 11.78 14.01 16.24 18.91 21.62 23.78 22.40 25.70 29.95 33.35 37.18 N/A 
 Calcium 
Cumulative Flux 
(mg/cm-2) 3 1.26 3.32 7.77 11.11 14.02 16.54 18.48 21.80 22.23 22.70 25.83 28.74 33.09 36.47 39.89 N/A 
1 1697.29 1765.92 1934.38 1903.05 1967.45 1795.44 1894.96 2087.50 1944.69 1933.37 1981.19 1912.94 2266.64 1942.19 2377.69 1960.31
2 1594.55 1811.98 1971.42 1991.62 1864.44 2674.60 3776.37 1913.57 2145.23 1919.53 2132.99 2117.40 2326.35 2045.51 2002.80 2152.56Sulfate SO42- 
(mg/L) Released 3 1687.49 1804.88 2191.54 2021.96 2018.17 2632.58 3924.76 2128.88 2128.92 1881.86 2018.85 1957.63 2400.96 2082.51 1925.96 2187.13
1 163.58 232.21 400.66 369.34 433.74 261.72 361.25 553.79 410.97 399.65 447.48 379.23 732.92 408.48 843.98 426.60
2 60.84 278.27 437.71 457.91 330.73 1140.88 2242.66 379.86 611.51 385.81 599.27 583.68 792.64 511.80 469.09 618.84
Sulfate With 
Blank Corrections 
(mg/L) 3 153.78 271.17 657.83 488.25 484.45 1098.86 2391.05 595.16 595.20 348.14 485.13 423.91 867.25 548.79 392.24 653.41
1 1.31 1.86 3.21 2.95 3.47 2.09 2.89 4.43 3.29 3.20 3.58 3.03 5.86 3.27 6.75 N/A 
2 0.49 2.23 3.50 3.66 2.65 9.13 17.94 3.04 4.89 3.09 4.79 4.67 6.34 4.09 3.75 N/A Sulfate Flux 
(mg/cm-2 ) 3 1.23 2.17 5.26 3.91 3.88 8.79 19.13 4.76 4.76 2.79 3.88 3.39 6.94 4.39 3.14 N/A 
1 1.31 3.17 6.37 9.33 12.80 14.89 17.78 22.21 25.50 28.70 32.28 35.31 41.17 44.44 51.19 N/A 
2 0.49 2.71 6.21 9.88 12.52 21.65 39.59 42.63 47.52 50.61 55.40 60.07 66.41 70.51 74.26 N/A 
Sulfate 
Cumulative Flux 
(mg/cm-2) 3 1.23 3.40 8.66 12.57 16.44 25.23 44.36 49.12 53.89 56.67 60.55 63.94 70.88 75.27 78.41 N/A 
 132
63%FGD:35%class C Fly Ash: 2%Portland Type II cement(s) 
 
Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 154.70 346.01 543.17 515.78 484.75 466.89 442.72 552.54 507.49 439.39 589.45 592.47 703.46 572.41 617.57 501.92
2 180.77 372.73 558.03 550.85 501.54 469.87 445.66 573.07 538.21 439.47 576.37 591.90 670.71 609.03 646.13 514.96Calcium (mg/L) 
Released 3 209.80 369.48 551.63 564.63 508.25 464.76 450.74 580.60 520.45 511.93 611.54 546.62 647.99 559.08 571.10 511.24
1 -57.87 133.43 330.60 303.21 272.18 254.32 230.15 339.97 294.91 226.82 376.88 379.90 490.88 359.84 404.99 289.35
2 -31.80 160.16 345.46 338.27 288.97 257.30 233.09 360.50 325.63 226.90 363.80 379.33 458.14 396.46 433.56 302.39
Calcium With 
Blank Corrections 
(mg/L) 3 -2.77 156.91 339.06 352.06 295.68 252.19 238.17 368.03 307.88 299.36 398.97 334.05 435.42 346.51 358.53 298.67
1 -0.46 1.07 2.64 2.43 2.18 2.03 1.84 2.72 2.36 1.81 3.02 3.04 3.93 2.88 3.24 N/A 
2 -0.25 1.28 2.76 2.71 2.31 2.06 1.86 2.88 2.61 1.82 2.91 3.03 3.67 3.17 3.47 N/A    Calcium Flux 
(mg/cm-2 ) 3 -0.02 1.26 2.71 2.82 2.37 2.02 1.91 2.94 2.46 2.39 3.19 2.67 3.48 2.77 2.87 N/A 
1 -0.46 0.60 3.25 5.67 7.85 9.89 11.73 14.45 16.81 18.62 21.64 24.68 28.60 31.48 34.72 N/A 
2 -0.25 1.03 3.79 6.50 8.81 10.87 12.73 15.62 18.22 20.04 22.95 25.98 29.65 32.82 36.29 N/A 
 Calcium 
Cumulative Flux 
(mg/cm-2) 3 -0.02 1.23 3.95 6.76 9.13 11.15 13.05 15.99 18.46 20.85 24.04 26.72 30.20 32.97 35.84 N/A 
1 2129.22 1516.77 1926.81 1899.13 1890.65 1813.71 1824.11 2120.94 1995.26 1747.72 2095.99 1980.96 2360.19 2028.73 2175.46 1967.04
2 1570.58 1703.32 2032.85 2021.85 1922.96 1862.89 1822.71 2179.05 2066.52 2166.83 2164.70 2044.76 2293.00 2097.06 2173.11 2008.15Sulfate SO42- 
(mg/L) Released 3 1647.45 1671.70 1938.44 2035.62 1935.38 1855.16 1829.79 2257.36 2022.86 1836.11 2071.39 1925.87 2231.89 1977.08 2048.97 1952.34
1 595.50 -16.94 393.10 365.42 356.93 279.99 290.39 587.23 461.55 214.01 562.27 447.24 826.48 495.02 641.74 433.33
2 36.87 169.61 499.13 488.13 389.24 329.18 288.99 645.33 532.81 633.11 630.98 511.04 759.29 563.35 639.39 474.43
Sulfate With 
Blank Corrections 
(mg/L) 3 113.74 137.98 404.72 501.90 401.66 321.44 296.07 723.65 489.15 302.39 537.67 392.15 698.17 443.37 515.26 418.62
1 4.76 -0.14 3.14 2.92 2.86 2.24 2.32 4.70 3.69 1.71 4.50 3.58 6.61 3.96 5.13 N/A 
2 0.29 1.36 3.99 3.91 3.11 2.63 2.31 5.16 4.26 5.06 5.05 4.09 6.07 4.51 5.12 N/A Sulfate Flux 
(mg/cm-2 ) 3 0.91 1.10 3.24 4.02 3.21 2.57 2.37 5.79 3.91 2.42 4.30 3.14 5.59 3.55 4.12 N/A 
1 4.76 4.63 7.77 10.70 13.55 15.79 18.12 22.81 26.51 28.22 32.72 36.29 42.91 46.87 52.00 N/A 
2 0.29 1.65 5.64 9.55 12.66 15.30 17.61 22.77 27.03 32.10 37.15 41.24 47.31 51.82 56.93 N/A 
Sulfate 
Cumulative Flux 
(mg/cm-2) 3 0.91 2.01 5.25 9.27 12.48 15.05 17.42 23.21 27.12 29.54 33.84 36.98 42.57 46.11 50.23 N/A 
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Time 
period(T,days)   0.08 0.29 1 2 3 4 5 8 11 14 21 28 42 56 77 Average
1 154.70 346.01 543.17 515.78 484.75 466.89 442.72 552.54 507.49 439.39 589.45 592.47 703.46 572.41 617.57 501.92
2 180.77 372.73 558.03 550.85 501.54 469.87 445.66 573.07 538.21 439.47 576.37 591.90 670.71 609.03 646.13 514.96Calcium (mg/L) 
Released 3 209.80 369.48 551.63 564.63 508.25 464.76 450.74 580.60 520.45 511.93 611.54 546.62 647.99 559.08 571.10 511.24
1 -57.87 133.43 330.60 303.21 272.18 254.32 230.15 339.97 294.91 226.82 376.88 379.90 490.88 359.84 404.99 289.35
2 -31.80 160.16 345.46 338.27 288.97 257.30 233.09 360.50 325.63 226.90 363.80 379.33 458.14 396.46 433.56 302.39
Calcium With 
Blank Corrections 
(mg/L) 3 -2.77 156.91 339.06 352.06 295.68 252.19 238.17 368.03 307.88 299.36 398.97 334.05 435.42 346.51 358.53 298.67
1 -0.46 1.07 2.64 2.43 2.18 2.03 1.84 2.72 2.36 1.81 3.02 3.04 3.93 2.88 3.24 N/A 
2 -0.25 1.28 2.76 2.71 2.31 2.06 1.86 2.88 2.61 1.82 2.91 3.03 3.67 3.17 3.47 N/A    Calcium Flux 
(mg/cm-2 ) 3 -0.02 1.26 2.71 2.82 2.37 2.02 1.91 2.94 2.46 2.39 3.19 2.67 3.48 2.77 2.87 N/A 
1 -0.46 0.60 3.25 5.67 7.85 9.89 11.73 14.45 16.81 18.62 21.64 24.68 28.60 31.48 34.72 N/A 
2 -0.25 1.03 3.79 6.50 8.81 10.87 12.73 15.62 18.22 20.04 22.95 25.98 29.65 32.82 36.29 N/A 
 Calcium 
Cumulative Flux 
(mg/cm-2) 3 -0.02 1.23 3.95 6.76 9.13 11.15 13.05 15.99 18.46 20.85 24.04 26.72 30.20 32.97 35.84 N/A 
1 2129.22 1516.77 1926.81 1899.13 1890.65 1813.71 1824.11 2120.94 1995.26 1747.72 2095.99 1980.96 2360.19 2028.73 2175.46 1967.04
2 1570.58 1703.32 2032.85 2021.85 1922.96 1862.89 1822.71 2179.05 2066.52 2166.83 2164.70 2044.76 2293.00 2097.06 2173.11 2008.15Sulfate SO42- 
(mg/L) Released 3 1647.45 1671.70 1938.44 2035.62 1935.38 1855.16 1829.79 2257.36 2022.86 1836.11 2071.39 1925.87 2231.89 1977.08 2048.97 1952.34
1 595.50 -16.94 393.10 365.42 356.93 279.99 290.39 587.23 461.55 214.01 562.27 447.24 826.48 495.02 641.74 433.33
2 36.87 169.61 499.13 488.13 389.24 329.18 288.99 645.33 532.81 633.11 630.98 511.04 759.29 563.35 639.39 474.43
Sulfate With 
Blank Corrections 
(mg/L) 3 113.74 137.98 404.72 501.90 401.66 321.44 296.07 723.65 489.15 302.39 537.67 392.15 698.17 443.37 515.26 418.62
1 4.76 -0.14 3.14 2.92 2.86 2.24 2.32 4.70 3.69 1.71 4.50 3.58 6.61 3.96 5.13 N/A 
2 0.29 1.36 3.99 3.91 3.11 2.63 2.31 5.16 4.26 5.06 5.05 4.09 6.07 4.51 5.12 N/A Sulfate Flux 
(mg/cm-2 ) 3 0.91 1.10 3.24 4.02 3.21 2.57 2.37 5.79 3.91 2.42 4.30 3.14 5.59 3.55 4.12 N/A 
1 4.76 4.63 7.77 10.70 13.55 15.79 18.12 22.81 26.51 28.22 32.72 36.29 42.91 46.87 52.00 N/A 
2 0.29 1.65 5.64 9.55 12.66 15.30 17.61 22.77 27.03 32.10 37.15 41.24 47.31 51.82 56.93 N/A 
Sulfate 
Cumulative Flux 
(mg/cm-2) 3 0.91 2.01 5.25 9.27 12.48 15.05 17.42 23.21 27.12 29.54 33.84 36.98 42.57 46.11 50.23 N/A 
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THE SAS PROGRAME USED FOR CALCULATION OF K1, K2 and K3 
 
******** FGD/cement/flyash, Diffusion Coefficient, Tingzong Guo,6/27/2003**********; 
 
dm 'log;clear;output;clear'; 
options nocenter nodate ls=78 ps=53; 
 
*Retreave the data file one.sd2; 
 
libname library "D:\SASLib"; 
proc access dbms=xls; 
create library.Paper.access; 
















title "Coefficient Estimate"; 
proc reg data=one; 
model Flux=Time TimeRoot; 
run; 
 
title "Coefficient Estimate without intercept"; 
proc reg data=one; 
model Flux=Time TimeRoot/noint; 





proc univariate data=diag normal plot; 
  var E; 
run; 
 




if E>-0.28757 then A=1; 




Title " test homogeneity of variances" ; 
proc glm data=two; 
class A; 
model E=A; 
means A/hovtest=levene welch; 
run; 
 
title " LOF "; 
proc glm data=one; 
classes t t1; 






















Raw data                                                                    
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Obs       TIME   TIMEROOT       FLUX   log_Flux     t        t1          tt 
 
  1       0.08   0.282843   0.694805   -0.15814    0.08   0.28284     0.023 
  2       0.29   0.538516   2.463262    0.39151    0.29   0.53852     0.156 
  3          1          1   5.866247    0.76836    1.00   1.00000     1.000 
  4          2   1.414214   9.196139    0.96361    2.00   1.41421     2.828 
  5          3   1.732051   12.14931    1.08455    3.00   1.73205     5.196 
  6          4          2   14.69772    1.16725    4.00   2.00000     8.000 
  7          5   2.236068   16.96783    1.22963    5.00   2.23607    11.180 
  8          8   2.828427   19.89099    1.29866    8.00   2.82843    22.627 
  9         11   3.316625   22.37151    1.34970   11.00   3.31662    36.483 
 10         14   3.741657   24.99461    1.39785   14.00   3.74166    52.383 
 11         21   4.582576   28.04745    1.44789   21.00   4.58258    96.234 
 12         28   5.291503    31.1505    1.49347   28.00   5.29150   148.162 
 13         35    5.91608   35.26596    1.54736   35.00   5.91608   207.063 
 14         56   7.483315   38.66878    1.58736   56.00   7.48331   419.066 
 15         77   8.774964   42.43049    1.62768   77.00   8.77496   675.672 
 16       0.08   0.282843   0.822136   -0.08506    0.08   0.28284     0.023 
 17       0.29   0.538516   2.583029    0.41213    0.29   0.53852     0.156 
 18          1          1   6.039615    0.78101    1.00   1.00000     1.000 
 19          2   1.414214    9.41362    0.97376    2.00   1.41421     2.828 
 20          3   1.732051   12.27405    1.08899    3.00   1.73205     5.196 
 21          4          2   14.81755    1.17078    4.00   2.00000     8.000 
 22          5   2.236068   17.08896    1.23272    5.00   2.23607    11.180 
 23          8   2.828427   20.22383    1.30586    8.00   2.82843    22.627 
 24         11   3.316625   24.29422    1.38550   11.00   3.31662    36.483 
 25         14   3.741657   25.69789    1.40990   14.00   3.74166    52.383 
 26         21   4.582576   28.65937    1.45727   21.00   4.58258    96.234 
 27         28   5.291503     31.641    1.50025   28.00   5.29150   148.162 
 28         35    5.91608   35.83677    1.55433   35.00   5.91608   207.063 
 29         56   7.483315   39.46764    1.59624   56.00   7.48331   419.066 
 30         77   8.774964   43.05492    1.63402   77.00   8.77496   675.672 
 31       0.08   0.282843   0.816091   -0.08826    0.08   0.28284     0.023 
 32       0.29   0.538516   2.603029    0.41548    0.29   0.53852     0.156 
 33          1          1   6.427675    0.80805    1.00   1.00000     1.000 
 34          2   1.414214    9.75694    0.98931    2.00   1.41421     2.828 
 35          3   1.732051   12.51123    1.09730    3.00   1.73205     5.196 
 36          4          2   14.97478    1.17536    4.00   2.00000     8.000 
 37          5   2.236068   17.26749    1.23723    5.00   2.23607    11.180 
 38          8   2.828427     20.841    1.31892    8.00   2.82843    22.627 
 39         11   3.316625   23.28935    1.36716   11.00   3.31662    36.483 
 40         14   3.741657   25.47872    1.40618   14.00   3.74166    52.383 
 41         21   4.582576   28.20754    1.45037   21.00   4.58258    96.234 
 42         28   5.291503   31.16641    1.49369   28.00   5.29150   148.162 
 43         35    5.91608   35.25304    1.54720   35.00   5.91608   207.063 
 44         56   7.483315   38.67406    1.58742   56.00   7.48331   419.066 
 45         77   8.774964   43.06241    1.63410   77.00   8.77496   675.672 
Coefficient Estimate                                                        
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The REG Procedure 
Model: MODEL1 
Dependent Variable: FLUX FLUX 
 
                             Analysis of Variance 
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                                    Sum of           Mean 
Source                   DF        Squares         Square    F Value    Pr > 
F 
 
Model                     2     7245.86562     3622.93281    5210.53    
<.0001 
Error                    42       29.20303        0.69531 
Corrected Total          44     7275.06865 
 
 
Root MSE              0.83385    R-Square     0.9960 
Dependent Mean       20.60222    Adj R-Sq     0.9958 
Coeff Var             4.04739 
 
 
                            Parameter Estimates 
 
                               Parameter      Standard 
Variable    Label       DF      Estimate         Error   t Value   Pr > |t| 
 
Intercept   Intercept    1      -1.52529       0.31873     -4.79     <.0001 
TIME        TIME         1      -0.42615       0.02054    -20.74     <.0001 
TIMEROOT    TIMEROOT     1       8.70182       0.18343     47.44     <.0001 
Coefficient Estimate without intercept                                      
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The REG Procedure 
Model: MODEL1 
Dependent Variable: FLUX FLUX 
 
 
NOTE: No intercept in model. R-Square is redefined. 
 
                             Analysis of Variance 
 
                                    Sum of           Mean 
Source                   DF        Squares         Square    F Value    Pr > 
F 
 
Model                     2          26330          13165    12544.6    
<.0001 
Error                    43       45.12695        1.04946 
Uncorrected Total        45          26375 
 
 
Root MSE              1.02443    R-Square     0.9983 
Dependent Mean       20.60222    Adj R-Sq     0.9982 
Coeff Var             4.97244 
 
 
                            Parameter Estimates 
 
                               Parameter      Standard 
Variable    Label       DF      Estimate         Error   t Value   Pr > |t| 
 
TIME        TIME         1      -0.35280       0.01681    -20.99     <.0001 
TIMEROOT    TIMEROOT     1       7.94185       0.11279     70.41     <.0001 




The UNIVARIATE Procedure 
Variable:  E  (Residual) 
 
                            Moments 
 
N                          45    Sum Weights                 45 
Mean               -0.2319979    Sum Observations    -10.439905 
Std Deviation      0.98517324    Variance            0.97056631 
Skewness           0.12288379    Kurtosis            -1.1691748 
Uncorrected SS     45.1269535    Corrected SS        42.7049176 
Coeff Variation     -424.6475    Std Error Mean      0.14686096 
 
 
              Basic Statistical Measures 
 
    Location                    Variability 
 
Mean     -0.23200     Std Deviation            0.98517 
Median   -0.20668     Variance                 0.97057 
Mode       .          Range                    3.55773 
                      Interquartile Range      1.58886 
 
 
           Tests for Location: Mu0=0 
 
Test           -Statistic-    -----p Value------ 
 
Student's t    t  -1.57971    Pr > |t|    0.1213 
Sign           M      -3.5    Pr >= |M|   0.3713 
Signed Rank    S    -135.5    Pr >= |S|   0.1275 
Diagnosis                                                                   
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The UNIVARIATE Procedure 
Variable:  E  (Residual) 
 
                   Tests for Normality 
 
Test                  --Statistic---    -----p Value------ 
 
Shapiro-Wilk          W      0.94911    Pr < W      0.0470 
Kolmogorov-Smirnov    D     0.118688    Pr > D      0.1102 
Cramer-von Mises      W-Sq  0.116505    Pr > W-Sq   0.0686 
Anderson-Darling      A-Sq  0.734509    Pr > A-Sq   0.0518 
 
 
Quantiles (Definition 5) 
 
Quantile       Estimate 
 
100% Max       1.834932 
99%            1.834932 
95%            1.200492 
90%            1.094463 
75% Q3         0.583325 
50% Median    -0.206683 
25% Q1        -1.005540 
10%           -1.549431 
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5%            -1.591475 
1%            -1.722799 
0% Min        -1.722799 
 
 
Diagnosis                                                                   
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The UNIVARIATE Procedure 
Variable:  E  (Residual) 
 
           Extreme Observations 
 
------Lowest-----        -----Highest----- 
 
   Value      Obs           Value      Obs 
 
-1.72280        3         1.09446       22 
-1.71124        2         1.20031       28 
-1.59148       17         1.20049       38 
-1.57147       32         1.27299       37 
-1.54943       18         1.83493       24 
 
 
Diagnosis                                                                   
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The UNIVARIATE Procedure 
Variable:  E  (Residual) 
 
   Stem Leaf                     #  Boxplot 
     18 3                        1     | 
     16                                | 
     14                                | 
     12 007                      3     | 
     10 9                        1     | 
      8 327                      3     | 
      6 230                      3     | 
      4 0348                     4  +-----+ 
      2 2355                     4  |     | 
      0                             |     | 
     -0 999                      3  |     | 
     -2 31                       2  *--+--* 
     -4 502                      3  |     | 
     -6 87                       2  |     | 
     -8 84                       2  |     | 
    -10 61100                    5  +-----+ 
    -12 3                        1     | 
    -14 975200                   6     | 
    -16 21                       2     | 
        ----+----+----+----+ 
    Multiply Stem.Leaf by 10**-1 
 
 
Diagnosis                                                                   
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The UNIVARIATE Procedure 
Variable:  E  (Residual) 
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                       Normal Probability Plot 
     1.9+                                              +* 
        |                                            ++ 
        |                                          ++ 
        |                                       *+* * 
        |                                      *+ 
        |                                   *** 
        |                                ***+ 
        |                              ***+ 
        |                           ***++ 
     0.1+                            ++ 
        |                          ** 
        |                        ** 
        |                      +** 
        |                    ++* 
        |                  ++** 
        |                +*** 
        |              +** 
        |         * **** 
    -1.7+   *   *  ++ 
         +----+----+----+----+----+----+----+----+----+----+ 
             -2        -1         0        +1        +2 
 
 
Modification of the residual to test homogeneity of variances               
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Obs        TIME    TIMEROOT        FLUX    log_Flux      t 
 
  1        0.08    0.282843    0.694805    -0.15814     0.08 
  2        0.29    0.538516    2.463262     0.39151     0.29 
  3           1           1    5.866247     0.76836     1.00 
  4           2    1.414214    9.196139     0.96361     2.00 
  5           3    1.732051    12.14931     1.08455     3.00 
  6           4           2    14.69772     1.16725     4.00 
  7           5    2.236068    16.96783     1.22963     5.00 
  8           8    2.828427    19.89099     1.29866     8.00 
  9          11    3.316625    22.37151     1.34970    11.00 
 10          14    3.741657    24.99461     1.39785    14.00 
 11          21    4.582576    28.04745     1.44789    21.00 
 12          28    5.291503     31.1505     1.49347    28.00 
 13          35     5.91608    35.26596     1.54736    35.00 
 14          56    7.483315    38.66878     1.58736    56.00 
 
Obs       t1           tt      yhat         E       A 
 
  1    0.28284      0.023     2.2181    -1.52327    0 
  2    0.53852      0.156     4.1745    -1.71124    0 
  3    1.00000      1.000     7.5890    -1.72280    0 
  4    1.41421      2.828    10.5259    -1.32973    0 
  5    1.73205      5.196    12.6973    -0.54796    0 
  6    2.00000      8.000    14.4725     0.22524    1 
  7    2.23607     11.180    15.9945     0.97333    1 
  8    2.82843     22.627    19.6405     0.25048    1 
  9    3.31662     36.483    22.4593    -0.08778    1 
 10    3.74166     52.383    24.7764     0.21819    1 
 11    4.58258     96.234    28.9852    -0.93779    0 
 12    5.29150    148.162    32.1458    -0.99530    0 
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 13    5.91608    207.063    34.6365     0.62949    1 
 14    7.48331    419.066    39.6743    -1.00554    0 
Modification of the residual to test homogeneity of variances               
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Obs        TIME    TIMEROOT        FLUX    log_Flux      t 
 
 15          77    8.774964    42.43049     1.62768    77.00 
 16        0.08    0.282843    0.822136    -0.08506     0.08 
 17        0.29    0.538516    2.583029     0.41213     0.29 
 18           1           1    6.039615     0.78101     1.00 
 19           2    1.414214     9.41362     0.97376     2.00 
 20           3    1.732051    12.27405     1.08899     3.00 
 21           4           2    14.81755     1.17078     4.00 
 22           5    2.236068    17.08896     1.23272     5.00 
 23           8    2.828427    20.22383     1.30586     8.00 
 24          11    3.316625    24.29422     1.38550    11.00 
 25          14    3.741657    25.69789     1.40990    14.00 
 26          21    4.582576    28.65937     1.45727    21.00 
 27          28    5.291503      31.641     1.50025    28.00 
 28          35     5.91608    35.83677     1.55433    35.00 
 
Obs       t1           tt      yhat         E       A 
 
 15    8.77496    675.672    42.5235    -0.09302    1 
 16    0.28284      0.023     2.2181    -1.39593    0 
 17    0.53852      0.156     4.1745    -1.59148    0 
 18    1.00000      1.000     7.5890    -1.54943    0 
 19    1.41421      2.828    10.5259    -1.11224    0 
 20    1.73205      5.196    12.6973    -0.42323    0 
 21    2.00000      8.000    14.4725     0.34507    1 
 22    2.23607     11.180    15.9945     1.09446    1 
 23    2.82843     22.627    19.6405     0.58332    1 
 24    3.31662     36.483    22.4593     1.83493    1 
 25    3.74166     52.383    24.7764     0.92147    1 
 26    4.58258     96.234    28.9852    -0.32586    0 
 27    5.29150    148.162    32.1458    -0.50480    0 
 28    5.91608    207.063    34.6365     1.20031    1 
Modification of the residual to test homogeneity of variances               
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Obs        TIME    TIMEROOT        FLUX    log_Flux      t 
 
 29          56    7.483315    39.46764     1.59624    56.00 
 30          77    8.774964    43.05492     1.63402    77.00 
 31        0.08    0.282843    0.816091    -0.08826     0.08 
 32        0.29    0.538516    2.603029     0.41548     0.29 
 33           1           1    6.427675     0.80805     1.00 
 34           2    1.414214     9.75694     0.98931     2.00 
 35           3    1.732051    12.51123     1.09730     3.00 
 36           4           2    14.97478     1.17536     4.00 
 37           5    2.236068    17.26749     1.23723     5.00 
 38           8    2.828427      20.841     1.31892     8.00 
 39          11    3.316625    23.28935     1.36716    11.00 
 40          14    3.741657    25.47872     1.40618    14.00 
 41          21    4.582576    28.20754     1.45037    21.00 
 42          28    5.291503    31.16641     1.49369    28.00 
 
Obs       t1           tt      yhat         E       A 
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 29    7.48331    419.066    39.6743    -0.20668    0 
 30    8.77496    675.672    42.5235     0.53141    1 
 31    0.28284      0.023     2.2181    -1.40198    0 
 32    0.53852      0.156     4.1745    -1.57147    0 
 33    1.00000      1.000     7.5890    -1.16137    0 
 34    1.41421      2.828    10.5259    -0.76892    0 
 35    1.73205      5.196    12.6973    -0.18605    1 
 36    2.00000      8.000    14.4725     0.50229    1 
 37    2.23607     11.180    15.9945     1.27299    1 
 38    2.82843     22.627    19.6405     1.20049    1 
 39    3.31662     36.483    22.4593     0.83007    1 
 40    3.74166     52.383    24.7764     0.70230    1 
 41    4.58258     96.234    28.9852    -0.77769    0 
 42    5.29150    148.162    32.1458    -0.97939    0 
Modification of the residual to test homogeneity of variances               
30 
 
Obs        TIME    TIMEROOT        FLUX    log_Flux      t 
 
 43          35     5.91608    35.25304     1.54720    35.00 
 44          56    7.483315    38.67406     1.58742    56.00 
 45          77    8.774964    43.06241     1.63410    77.00 
 
Obs       t1           tt      yhat         E       A 
 
 43    5.91608    207.063    34.6365     0.61658    1 
 44    7.48331    419.066    39.6743    -1.00026    0 
 45    8.77496    675.672    42.5235     0.53890    1 
 test homogeneity of variances                                              
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The GLM Procedure 
 
   Class Level Information 
 
Class         Levels    Values 
 
A                  2    0 1 
 
 
Number of observations    45 
 test homogeneity of variances                                              
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The GLM Procedure 
 
Dependent Variable: E   Residual 
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > 
F 
 
Model                       1    32.81295466    32.81295466    142.64   
<.0001 
 
Error                      43     9.89196294     0.23004565 
 




R-Square     Coeff Var      Root MSE        E Mean 
 
0.768365     -206.7393      0.479631     -0.231998 
 
 
Source                     DF      Type I SS    Mean Square   F Value   Pr > 
F 
 




Source                     DF    Type III SS    Mean Square   F Value   Pr > 
F 
 
A                           1    32.81295466    32.81295466    142.64   
<.0001 
 test homogeneity of variances                                              
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The GLM Procedure 
 
         Levene's Test for Homogeneity of E Variance 
        ANOVA of Squared Deviations from Group Means 
 
                      Sum of        Mean 
Source        DF     Squares      Square    F Value    Pr > F 
 
A              1      0.0172      0.0172       0.23    0.6340 
Error         43      3.2246      0.0750 
 
 
          Welch's ANOVA for E 
 
Source          DF    F Value    Pr > F 
 
A           1.0000     142.05    <.0001 
Error      42.2281 
 test homogeneity of variances                                              
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The GLM Procedure 
 
Level of            --------------E-------------- 
A             N             Mean          Std Dev 
 
0            23      -1.06714664       0.45804064 
1            22       0.64111217       0.50125252 
 LOF                                                                        
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The GLM Procedure 
 
                           Class Level Information 
 
Class       Levels  Values 
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t               15  0.08 0.29 1 2 3 4 5 8 11 14 21 28 35 56 77 
 
t1              15  0.2828427125 0.5385164807 1 1.4142135624 1.7320508076 2 
                    2.2360679775 2.8284271247 3.3166247904 3.7416573868 
                    4.582575695 5.2915026221 5.9160797831 7.4833147735 
                    8.7749643874 
 
 
Number of observations    45 
 LOF                                                                        
36 
 
The GLM Procedure 
 
Dependent Variable: FLUX   FLUX 
 
                                      Sum of 
Source                     DF        Squares    Mean Square   F Value   Pr > 
F 
 
Model                      14    7270.731898     519.337993   3592.58   
<.0001 
 
Error                      30       4.336752       0.144558 
 
Corrected Total            44    7275.068649 
 
 
R-Square     Coeff Var      Root MSE     FLUX Mean 
 
0.999404      1.845473      0.380208      20.60222 
 
 
Source                     DF      Type I SS    Mean Square   F Value   Pr > 
F 
 
TIME                        1    5681.125662    5681.125662   39299.9   
<.0001 
TIMEROOT                    1    1564.739956    1564.739956   10824.3   
<.0001 




Source                     DF    Type III SS    Mean Square   F Value   Pr > 
F 
 
TIME                        0     0.00000000      .               .      . 
TIMEROOT                    0     0.00000000      .               .      . 


































APPENDIX C: DIGESTION OF BRIQUETTES 
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Comparison of Ca, Sulfate and Mg concentrations in the stabilized FGD sludge 





77:20:03 69:30:03 67:30:01 64:35:01 63:35:02 63:35:02 (S) 
Control, mg/cc 1401.521 1233.857 1139.840 1002.476 990.785 969.369 





%Change -41.145 -53.404 -41.630 -28.758 -7.488 23.585 
              
Control, mg/cc 501.081 549.287 550.840 558.652 543.182 603.130 






%Change 23.128 2.362 10.335 32.182 31.652 9.423 
              
Control, mg/cc 674.836 599.101 669.815 621.444 646.743 661.816 







%Change 5.888 5.226 -7.865 -12.938 -11.207 9.474 
       
Control, mg/cc 390.52 329.69 439.34 419.32 404.07 403.96 




































FGD: Class C Fly Ash: Portland Type II Cement  (69%: 30%:1% ) 
Nov-02 Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 63.10 38.80 21.20 67.10 42.90 27.90 62.70 37.90 27.00 62.40 37.60 22.20 
2 63.00 39.80 21.00 62.50 41.00 31.30 62.20 46.10 26.80 63.60 37.80 33.60 
3 62.50 39.40 22.30 61.80 40.20 27.30 63.00 40.50 24.80 62.30 32.60 23.10 
4 64.20 40.50 22.20 62.80 40.80 29.50 61.60 40.40 26.00 63.40 39.10 22.10 
5 63.00 39.60 21.50 63.80 39.90 24.30 64.50 40.60 27.00 60.30 38.80 24.80 
Mean 63.16 39.62 21.64 63.60 40.96 28.06 62.80 41.10 26.32 62.40 37.18 25.16 
STDEV 0.63 0.62 0.59 2.08 1.17 2.61 1.09 3.01 0.94 1.31 2.64 4.84 
Variance 0.39 0.38 0.34 4.35 1.37 6.83 1.19 9.09 0.89 1.71 6.96 23.43 
FGD: Class C Fly Ash: Portland Type II Cement  (77%: 20%: 3% ) 
Before Submergence Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 62.70 40.00 23.10 67.00 41.00 25.00 62.30 40.30 24.80 62.60 37.70 23.20 
2 62.90 40.50 22.00 62.00 39.90 24.10 61.90 41.00 28.60 59.10 39.90 22.80 
3 62.70 40.90 21.90 63.10 40.00 26.40 62.20 40.60 26.80 59.50 39.50 25.30 
4 63.40 40.40 23.40 66.30 41.30 25.80 61.30 42.60 24.50 59.60 40.10 23.20 
5 62.80 40.20 22.80 63.60 41.90 26.90 68.20 43.20 25.10 60.20 40.60 22.30 
Mean 62.90 40.40 22.64 64.40 40.82 25.64 63.18 41.54 25.96 60.20 39.56 23.36 
STDEV 0.29 0.34 0.67 2.15 0.86 1.11 2.83 1.28 1.72 1.40 1.11 1.15 
Variance 0.09 0.11 0.44 4.61 0.74 1.24 8.03 1.65 2.97 1.95 1.24 1.31 
FGD: Class C Fly Ash: Portland Type II Cement  (67%:30%:3% ) 
Nov-02 Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 62.30 39.30 21.40 64.40 40.60 25.10 63.80 39.20 24.80 62.70 40.80 26.60 
2 62.80 39.60 21.70 62.50 40.10 26.40 61.10 40.60 26.10 62.60 39.90 26.50 
3 63.60 40.30 21.20 63.30 40.30 28.80 62.90 40.60 29.10 62.20 39.30 26.20 
4 61.90 38.20 21.20 62.40 40.10 26.60 63.20 35.10 24.10 61.70 35.70 21.80 
5 63.30 39.40 21.70 Lost Lost Lost Lost Lost Lost Lost Lost Lost 
Mean 62.78 39.36 21.44 63.15 40.28 26.73 62.75 38.88 26.03 62.30 38.93 25.28 
STDEV 0.70 0.76 0.25 0.93 0.24 1.53 1.16 2.60 2.21 0.45 2.24 2.32 
Variance 0.49 0.57 0.06 0.86 0.06 2.36 1.35 6.77 4.89 0.21 5.00 5.40 
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Nov-02 Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 62.80 41.20 21.80 63.30 41.50 25.20 62.80 42.00 25.30 62.20 41.50 22.90 
2 63.10 39.20 21.20 65.20 40.00 24.40 61.80 38.90 27.60 61.70 40.10 25.10 
3 63.20 39.20 22.40 61.80 41.80 25.60 62.30 40.10 25.60 63.80 38.20 23.60 
4 62.50 38.70 21.30 61.40 40.10 29.40 63.80 40.80 27.30 60.20 38.30 24.40 
5 63.60 38.60 22.60 64.30 40.30 25.70 64.20 42.30 26.30 63.10 40.70 24.80 
Mean 63.04 39.38 21.86 63.20 40.74 26.06 62.98 40.82 26.42 62.20 39.76 24.16 
STDEV 0.42 1.05 0.63 1.61 0.84 1.94 1.01 1.40 1.01 1.38 1.47 0.90 
Variance 0.17 1.11 0.40 2.61 0.71 3.75 1.01 1.95 1.03 1.90 2.15 0.81 
 
 
FGD: Class C Fly Ash: Portland Type II Cement  (63%: 35%: 2% (Small) ) 
Nov-02 Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 41.30 21.70 13.10 43.00 24.20 16.80 42.70 21.20 16.80 40.60 20.80 16.60 
2 42.70 22.10 12.90 43.60 22.40 19.60 41.40 22.90 17.20 41.80 20.40 16.60 
3 42.20 21.60 12.40 41.60 21.70 22.60 40.40 21.60 15.70 41.40 19.80 15.70 
4 42.40 21.80 13.20 42.20 23.10 15.90 41.10 21.40 16.10 41.40 19.30 14.20 
5 42.00 20.90 12.70 39.80 50.60 17.20 40.50 21.80 17.80 40.40 21.10 16.50 
Mean 42.12 21.62 12.86 42.04 28.4 18.42 41.22 21.78 16.7 41.12 20.28 15.92 
STDEV 0.526 0.444 0.321 1.466 12.44 2.708 0.926 0.6648 0.84 0.593 0.733 1.033 




FGD: Class C Fly Ash: Portland Type II Cement  (64%: 35%: 1%) 
Nov-02 Jan-03 Apr-03 June-03 
  Length Breadth Height Length Breadth Height Length Breadth Height Length Breadth Height
1 62.60 39.60 21.30 64.00 40.80 29.30 62.60 39.60 26.30 65.20 40.50 26.00 
2 64.00 40.00 21.00 62.60 39.40 27.10 60.00 38.90 25.20 62.00 38.20 23.70 
3 63.50 40.90 21.80 65.50 44.40 26.60 61.80 41.20 25.40 59.40 39.70 27.40 
4 63.80 38.10 22.30 65.40 38.60 26.60 61.70 38.60 25.70 61.20 38.80 21.70 
5 61.90 39.00 21.30 64.60 40.90 25.70 62.70 42.20 22.80 62.40 38.20 23.70 
Mean 63.16 39.52 21.54 64.42 40.82 27.06 61.76 40.1 25.1 62.04 39.08 24.5 
STDEV 0.885 1.052 0.513 1.188 2.223 1.35 1.083 1.546 1.34 2.109 1.003 2.224 
Variance 0.783 1.107 0.263 1.412 4.942 1.823 1.173 2.39 1.8 4.448 1.007 4.945 
 150
 
July-02 August-02 November-02 January-03 April-03 Composite 
Combination Height Diameter Height Diameter Height Diameter Height Diameter Height Diameter
77%: 20%: 3% 30.30 39.70 31.30 40.10 31.50 39.60 32.20 39.40 33.00 39.20 
73%: 25%: 2% 32.70 39.50 Lost Lost Lost Lost Lost Lost Lost Lost 
72%: 25%: 3% 32.10 39.60 32.20 39.70 35.60 40.90 39.80 43.20 44.30 57.80 
69%: 30%: 1% 31.70 39.30 32.60 39.50 33.10 40.10 33.60 42.60 34.20 41.20 
68%: 30%: 2% 33.40 39.00 Lost Lost Lost Lost Lost Lost Lost Lost 
67%: 30%: 3% 30.90 39.30 30.80 40.80 31.30 40.30 31.80 40.50 32.40 40.80 
64%: 35%: 1% 33.80 39.30 34.30 39.10 36.50 40.40 38.60 38.20 41.80 39.80 
63%: 35%: 2% 32.10 39.30 33.20 39.70 41.26 40.50 48.30 41.60 46.40 42.20 
62%: 35%: 3% 33.40 39.30 34.00 40.60 34.32 40.40 34.60 42.92 38.10 45.90 






















































Specific Gravity Test Results on Stabilized FGD Briquettes 
FGD: Class C Fly ash: 















545.600 539.300 275.000 2.040 
543.300 537.000 274.000 2.042 
77%: 20%: 3% 542.600 536.300 275.100 2.053 
2.045 0.007 
517.400 511.100 267.500 2.098 
530.800 524.500 275.400 2.106 
69%: 30%: 1% 532.300 526.000 275.600 2.101 
2.101 0.004 
532.800 526.500 278.100 2.120 
537.900 531.600 279.000 2.105 
67%: 30%: 3% 533.900 527.600 278.700 2.120 
2.115 0.009 
519.500 513.200 274.100 2.146 
501.700 495.400 264.600 2.146 
64%: 35%: 1% 507.600 501.300 266.000 2.130 
2.141 0.009 
551.500 545.200 288.000 2.120 
561.700 555.400 293.000 2.117 
63%: 35%: 2% 565.000 558.700 293.800 2.109 
2.115 0.005 
502.600 496.300 270.200 2.195 
510.900 504.600 270.000 2.151 




















































Sieve    Mass  Percentage Cumulative Percent  
Opening    retained on Mass Percent Finer 
(mm)   each Sieve Retained Retaind   
    Wn (kg) Rn E Rn 100-E Rn
- 25.4 0 0 0 100
- 19.5 0.0176 1.237258 1.237258 98.7627
- 12.7 0.5754 40.44991 41.68717 58.3128
- 9.51 0.1584 11.13533 52.8225 47.1775
#4 4.75 0.2544 17.88401 70.7065 29.2935
#10 2 0.1898 13.34271 84.04921 15.9508
#18 1 0.0892 6.27065 90.31986 9.68014
#20 0.85 0.0143 1.005272 91.32513 8.67487
#40 0.43 0.049 3.44464 94.76977 5.23023
#60 0.25 0.0248 1.743409 96.51318 3.48682
#140 0.11 0.039 2.741652 99.25483 0.74517
#200 0.08 0.0063 0.442882 99.69772 0.30228
pan   0.0026 0.182777 99.88049  
Sum of Average Mass = 1.4208    
      
Mass Loss during sieve analysis= 0.001195079   




















- 25.4 0 0 0 100 
- 19.5 0.0565 4.02995 4.02995 95.9700 
- 12.7 0.5674 40.4707 44.5007 55.4992 
- 9.51 0.1379 9.83594 54.3366 45.6633 
#4 4.75 0.2248 16.0342 70.3708 29.6291 
#10 2 0.1884 13.4379 83.8088 16.1911 
#18 1 0.092 6.56205 90.3708 9.62910 
#20 0.85 0.0145 1.03423 91.4051 8.59486 
#40 0.43 0.0508 3.62339 95.0285 4.97146 
#60 0.25 0.0242 1.72610 96.7546 3.24536 
#140 0.11 0.037 2.63908 99.3937 0.60627 
#200 0.08 0.0043 0.30670 99.7004 0.29957 
pan   0.0024 0.17118 99.8716   
Sum of Average Mass = 1.4002    
      
Mass Loss during sieve analysis 
=  0.00128388    






  Sieve Opening 
















- 25.4 0 0 0 100
- 19.5 0.0354 2.49050232 2.4905023 97.5095
- 12.7 0.4322 30.4066413 32.897144 67.10286
- 9.51 0.1827 12.8535247 45.750668 54.24933
#4 4.75 0.2902 20.4164908 66.167159 33.83284
#10 2 0.2257 15.8787111 82.04587 17.95413
#18 1 0.1063 7.47854228 89.524413 10.47559
#20 0.85 0.0172 1.21007457 90.734487 9.265513
#40 0.43 0.0574 4.03827213 94.772759 5.227241
#60 0.25 0.0311 2.18798368 96.960743 3.039257
#140 0.11 0.0376 2.6452793 99.606022 0.393978
#200 0.08 0.0021 0.14774166 99.753764 0.246236
pan   0.0013 0.09145912 99.845223  
 Sum of Average Mass= 1.4192    
      
Mass Loss during sieve analysis = 0.00154777    
Percent Loss of Mass During Analysis =  0.1088905  
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- 25.4 0.0145 1.043541 1.043541 98.9565
- 19.5 0.1888 13.58762 14.63116 85.3688
- 12.7 0.152 10.93919 25.57035 74.4297
- 9.51 0.1045 7.520691 33.09104 66.909
#4 4.75 0.2156 15.51637 48.60741 51.3926
#10 2 0.267 19.21555 67.82296 32.177
#18 1 0.1462 10.52177 78.34473 21.6553
#20 0.85 0.0211 1.518532 79.86326 20.1367
#40 0.43 0.0753 5.419216 85.28248 14.7175
#60 0.25 0.0462 3.324937 88.60741 11.3926
#140 0.11 0.0295 2.123066 90.73048 9.26952
#200 0.08 0.001 0.071968 90.80245 9.19755
pan   0.0009 0.064772 90.86722  
Sum of Average Mass 
=  1.2626   
      
Mass Loss during sieve analysis = 0.091328    























- 25.4 0.2411 17.08354 17.08354 82.9165
- 19.5 0.1594 11.29455 28.37809 71.6219
- 12.7 0.1626 11.52129 39.89938 60.1006
- 9.51 0.1039 7.362007 47.26139 52.7386
#4 4.75 0.1865 13.21477 60.47616 39.5238
#10 2 0.2499 17.70708 78.18324 21.8168
#18 1 0.1352 9.57982 87.76306 12.2369
#20 0.85 0.0223 1.580103 89.34316 10.6568
#40 0.43 0.0734 5.200879 94.54404 5.45596
#60 0.25 0.0436 3.08935 97.63339 2.36661
#140 0.11 0.0297 2.104443 99.73783 0.26217
#200 0.08 0.0015 0.106285 99.84412 0.15588
pan   0.0014 0.099199 99.94331  
Sum of Average Mass 
=  1.4105   
      
Mass Loss during sieve analysis = 0.000567    























- 25.4 0.2351 16.5377 16.5377 83.4623
- 19.5 0.1213 8.532639 25.07034 74.9297
- 12.7 0.2098 14.75802 39.82836 60.1716
- 9.51 0.0932 6.555993 46.38436 53.6156
#4 4.75 0.1798 12.64772 59.03208 40.9679
#10 2 0.2431 17.10045 76.13253 23.8675
#18 1 0.1497 10.53039 86.66292 13.3371
#20 0.85 0.0234 1.646033 88.30895 11.6911
#40 0.43 0.082 5.768149 94.0771 5.9229
#60 0.25 0.0378 2.658976 96.73607 3.26393
#140 0.11 0.0413 2.905177 99.64125 0.35875
#200 0.08 0.0025 0.175858 99.81711 0.18289
pan   0.0015 0.105515 99.92262  
Sum of Average Mass 
=  1.4205   
      
Mass Loss during sieve analysis = 0.000774    
Percent Loss of Mass During Analysis = 0.05443  
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- 25.4 0.1359 13.30006 13.30006 86.6999
- 19.5 0.109 10.66745 23.96751 76.0325
- 12.7 0.1304 12.76179 36.7293 63.2707
- 9.51 0.1065 10.42278 47.15208 52.8479
#4 4.75 0.2434 23.82071 70.97279 29.0272
#10 2 0.2837 27.76473 98.73752 1.26248
#18 1 0.009 0.880799 99.61832 0.38168
#20 0.85 0.0004 0.039147 99.65747 0.34253
#40 0.43 0.0012 0.11744 99.77491 0.22509
#60 0.25 0.0006 0.05872 99.83363 0.16637
#140 0.11 0.0008 0.078293 99.91192 0.08808
#200 0.08 0.0003 0.02936 99.94128 0.05872
pan   0.0005 0.048933 99.99021  
Sum of Average Mass = 1.0217   
      
Mass Loss during Sieve analysis = 9.79E-05     
Percent Loss of Mass During Analysis =  0.009578  
























- 25.4 0.1528 11.23529 11.23529 88.7647
- 19.5 0.1091 8.022059 19.25735 80.7426
- 12.7 0.1289 9.477941 28.73529 71.2647
- 9.51 0.1049 7.713235 36.44853 63.5515
#4 4.75 0.2402 17.66176 54.11029 45.8897
#10 2 0.2861 21.03676 75.14706 24.8529
#18 1 0.1491 10.96324 86.11029 13.8897
#20 0.85 0.0225 1.654412 87.76471 12.2353
#40 0.43 0.0814 5.985294 93.75 6.25
#60 0.25 0.0588 4.323529 98.07353 1.92647
#140 0.11 0.0241 1.772059 99.84559 0.15441
#200 0.08 0.001 0.073529 99.91912 0.08088
pan   0.001 0.073529 99.99265  
Sum of Average Mass = 1.3599   
      
Mass Loss during Sieve analysis = 7.35E-05     
























- 25.4 0.2474 19.72729 19.72729 80.2727
- 19.5 0.1187 9.464955 29.19225 70.8078
- 12.7 0.1737 13.85057 43.04282 56.9572
- 9.51 0.0805 6.418946 49.46177 50.5382
#4 4.75 0.2211 17.63017 67.09194 32.9081
#10 2 0.2066 16.47397 83.5659 16.4341
#18 1 0.0937 7.471494 91.0374 8.9626
#20 0.85 0.0141 1.124312 92.16171 7.83829
#40 0.43 0.0476 3.795551 95.95726 4.04274
#60 0.25 0.0242 1.929671 97.88693 2.11307
#140 0.11 0.0242 1.929671 99.8166 0.1834
#200 0.08 0.001 0.079738 99.89634 0.10366
pan   0.0012 0.095686 99.99203  
Sum of Average Mass = 1.254   
      
Mass Loss during Sieve analysis = 7.97E-05     
Percent Loss of Mass During Analysis =  0.006358  
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- 25.4 0.2062 14.67198 14.67198 85.328
- 19.5 0.122 8.680803 23.3527876.6472
- 12.7 0.1556 11.07158 34.4243665.5756
- 9.51 0.115 8.182724 42.6070957.3929
#4 4.75 0.2295 16.32987 58.93696 41.063
#10 2 0.2776 19.75238 78.6893421.3107
#18 1 0.1389 9.883307 88.5726511.4274
#20 0.85 0.0198 1.408852 89.981510.0185
#40 0.43 0.0701 4.987904 94.9694 5.0306
#60 0.25 0.0346 2.461933 97.431342.56866
#140 0.11 0.0419 2.981358 100.4127 -0.4127
#200 0.08 0.0015 0.106731 100.5194 -0.5194
pan   0.0022 0.156539 100.676  
Sum of Average Mass = 1.4149   
      
Mass Loss during sieve analysis= 0.00676    
























- 25.4 0.1392 9.875842 9.87584290.1242
- 19.5 0.125 8.868393 18.7442481.2558
- 12.7 0.1473 10.45051 29.1947570.8053
- 9.51 0.1081 7.669386 36.8641463.1359
#4 4.75 0.2713 19.24796 56.112143.8879
#10 2 0.297 21.0713 77.183422.8166
#18 1 0.14 9.9326 87.116 12.884
#20 0.85 0.0222 1.575027 88.69103 11.309
#40 0.43 0.0742 5.264278 93.9553 6.0447
#60 0.25 0.0457 3.242284 97.197592.80241
#140 0.11 0.0332 2.355445 99.553030.44697
#200 0.08 0.0015 0.106421 99.659450.34055
pan   0.0017 0.12061 99.78006  
Sum of Average Mass = 1.4064   
      
Mass Loss during sieve analysis= 0.002199    
























- 25.4 0.21 14.98608 14.9860885.0139
- 19.5 0.1199 8.556341 23.5424276.4576
- 12.7 0.1914 13.65875 37.2011762.7988
- 9.51 0.1019 7.271819 44.47299 55.527
#4 4.75 0.2467 17.60508 62.0780737.9219
#10 2 0.2511 17.91908 79.9971520.0029
#18 1 0.1221 8.713338 88.7104811.2895
#20 0.85 0.0187 1.334475 90.044969.95504
#40 0.43 0.0653 4.659959 94.704925.29508
#60 0.25 0.0316 2.255049 96.959973.04003
#140 0.11 0.0374 2.66895 99.628920.37108
#200 0.08 0.0019 0.135588 99.7645 0.2355
pan   0.0012 0.085635 99.85014  
Sum of Average Mass = 1.3992   
      
Mass Loss during sieve analysis= 0.001499    





























































- 25.4 0.3328 23.3625834 23.362583 76.63742
- 19.5 0.1379 9.68058968 33.043173 66.95683
- 12.7 0.139 9.75780976 42.800983 57.19902
- 9.51 0.1059 7.43418743 50.23517 49.76483
#4 4.75 0.1955 13.7241137 63.959284 36.04072
#10 2 0.2404 16.8760969 80.835381 19.16462
#18 1 0.1198 8.40996841 89.245349 10.75465
#20 0.85 0.018 1.26360126 90.508951 9.491049
#40 0.43 0.0639 4.48578449 94.994735 5.005265
#60 0.25 0.0291 2.04282204 97.037557 2.962443
#140 0.11 0.0379 2.66058266 99.69814 0.30186
#200 0.08 0.0033 0.23166023 99.9298 0.0702
pan   0.0025 0.17550018 100.1053  
Sum of Average Mass= 1.426   
      
Mass Loss during sieve analysis= 0.001053    
























- 25.4 0.3196 22.37625 22.3762577.6237
- 19.5 0.0776 5.433032 27.8092872.1907
- 12.7 0.1719 12.03529 39.8445760.1554
- 9.51 0.0907 6.350207 46.1947853.8052
#4 4.75 0.2297 16.08206 62.2768337.7232
#10 2 0.2456 17.19527 79.472120.5279
#18 1 0.1307 9.150739 88.6228411.3772
#20 0.85 0.0204 1.428271 90.051119.94889
#40 0.43 0.0694 4.858923 94.910035.08997
#60 0.25 0.0323 2.26143 97.171462.82854
#140 0.11 0.0397 2.779528 99.950990.04901
#200 0.08 0.0015 0.10502 100.056 -0.056
pan   0.0022 0.154029 100.21  
Sum of Average Mass= 1.4313   
      
Mass Loss during sieve analysis= -0.0021    
























- 25.4 0.2445 16.79258 16.7925883.2074
- 19.5 0.1707 11.7239 28.5164871.4835
- 12.7 0.1658 11.38736 39.9038560.0962
- 9.51 0.1261 8.660714 48.5645651.4354
#4 4.75 0.2216 15.21978 63.7843436.2157
#10 2 0.2394 16.44231 80.2266519.7734
#18 1 0.1317 9.04533 89.27198 10.728
#20 0.85 0.0197 1.353022 90.625 9.375
#40 0.43 0.0691 4.745879 95.370884.62912
#60 0.25 0.0336 2.307692 97.678572.32143
#140 0.11 0.0327 2.245879 99.924450.07555
#200 0.08 0.0013 0.089286 100.0137 -0.0137
pan   0.0012 0.082418 100.0962  
Sum of Average Mass= 1.4574   
      
Mass Loss during sieve analysis= 0.000962    
Percent Loss of Mass During Sieve Analysis = 0.06604  
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- 25.4 0.2726 19.15133 19.1513380.8487
- 19.5 0.1703 11.96431 31.1156468.8844
- 12.7 0.1588 11.15639 42.27202 57.728
- 9.51 0.1011 7.102712 49.3747450.6253
#4 4.75 0.1934 13.58719 62.9619237.0381
#10 2 0.2241 15.74399 78.7059221.2941
#18 1 0.1282 9.006604 87.7125212.2875
#20 0.85 0.0202 1.419137 89.1316610.8683
#40 0.43 0.0731 5.135591 94.267255.73275
#60 0.25 0.0354 2.487003 96.754253.24575
#140 0.11 0.0384 2.697766 99.452020.54798
#200 0.08 0.002 0.140509 99.592520.40748
pan   0.0019 0.133483 99.72601  
Sum of Average Mass = 1.4195   
      
Mass Loss during sieve analysis = 0.00274    
























- 25.4 0.1896 12.92698 12.92698 87.073
- 19.5 0.1794 12.23154 25.1585274.8415
- 12.7 0.2253 15.36101 40.5195359.4805
- 9.51 0.1106 7.540738 48.0602751.9397
#4 4.75 0.1945 13.26106 61.3213338.6787
#10 2 0.2489 16.97007 78.291421.7086
#18 1 0.1299 8.856617 87.14802 12.852
#20 0.85 0.0221 1.506784 88.654811.3452
#40 0.43 0.0771 5.256699 93.9115 6.0885
#60 0.25 0.0389 2.652212 96.563713.43629
#140 0.11 0.0408 2.781755 99.345470.65453
#200 0.08 0.0019 0.129543 99.475010.52499
pan   0.0019 0.129543 99.60455  
Sum of Average Mass = 1.4609   
      
Mass Loss during sieve analysis = 0.003954    
























- 25.4 0.2826 19.27694 19.2769480.7231
- 19.5 0.0997 6.800819 26.0777673.9222
- 12.7 0.2546 17.36698 43.4447556.5553
- 9.51 0.0996 6.793997 50.2387449.7613
#4 4.75 0.1872 12.76944 63.0081936.9918
#10 2 0.2383 16.25512 79.263320.7367
#18 1 0.1275 8.697135 87.9604412.0396
#20 0.85 0.0199 1.357435 89.3178710.6821
#40 0.43 0.0756 5.156889 94.474765.52524
#60 0.25 0.0431 2.939973 97.414732.58527
#140 0.11 0.0341 2.326057 99.740790.25921
#200 0.08 0.0016 0.109141 99.849930.15007
pan   0.0012 0.081855 99.93179  
Sum of Average Mass = 1.465   
      
Mass Loss during sieve analysis = 0.000682    
Percent Loss of Mass During Seive Analysis = 0.04653  
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Volume Average Porosity Stdv 
55.900 58.600 54.500 4.100      
59.700 62.300 56.800 5.500      
77%:20%:3% 58.500 61.100 55.200 5.900 5.167 17.884 1.943
54.600 58.400 50.400 8.000      
57.100 62.000 54.700 7.300      
69%:30%:1% 58.000 61.900 55.200 6.700 7.333 25.384 1.762
59.500 63.100 56.800 6.300      
59.600 63.400 56.800 6.600      
67%:30%:3% 59.300 63.300 56.700 6.600 6.500 22.499 0.153
59.600 62.800 56.600 6.200      
60.900 64.200 57.900 6.300      
64%;35%;1% 65.100 67.500 61.300 6.200 6.233 21.576 2.875
59.200 62.200 55.600 6.600      
59.600 62.000 55.500 6.500      
63%:35%:2% 60.500 64.000 57.900 6.100 6.400 22.153 0.666
14.400 14.900 13.500 1.400      
12.800 13.900 12.200 1.700      















Volume Average Porosity Stdv 
55.134 55.698 47.180 8.518      
57.675 58.196 50.054 8.142      
77%:20%:3% 51.201 52.231 42.016 10.215 8.958 31.008 3.262
55.907 56.505 47.962 8.542      
56.394 56.994 48.986 8.008      
69%:30%:1% 56.504 57.048 48.919 8.129 8.226 28.475 0.318
59.512 60.153 52.878 7.275      
58.247 58.914 51.149 7.765      
67%:30%:3% 55.751 56.348 48.294 8.054 7.698 26.646 1.914
52.924 53.248 44.159 9.089      
56.632 57.356 48.789 8.567      
64%;35%;1% 56.973 56.917 48.037 8.880 8.845 30.617 2.246
58.934 59.679 52.331 7.348      
59.238 59.703 52.729 6.974      
63%:35%:2% 60.102 60.692 53.916 6.776 7.033 24.343 0.606
14.196 14.493 12.309 2.184      
11.987 12.197 9.797 2.400      


































Surface Hardness Test Results For Leached FGD Briquettes 
FGD: Class C Fly ash: 



































Surface Hardness Test Results For Control FGD Briquettes 
FGD: Class C Fly ash: 



































































































77%FGD:Class C fly ash: Portland Type II Cement-

























77%FGD:Class C fly ash:3%Portland Type II Cement- 
256.35 Kg Normal Load 
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77%FGD:20%Class C fly ash: 3%Portalnd 





























77%FGD:20%Class C fly ash: 3%Portalnd 




























77%FGD:20%Class C fly ash: 3%Portalnd 


























77%FGD:20%Class C fly ash: 3%Portalnd 



























69%FGD: 30%Class C fly ash: 1%Portalnd 



























69%FGD: 30%Class C fly ash: 1%Portalnd 






































69%FGD:30%Class C fly ash: 1%Portalnd 





























69%FGD:30%Class C fly ash: 1%Portalnd Type II 
































































































69%FGD:30 Class C fly ash:1%Portland Type II Cement-


























69%FGD:30% Class C fly ash:1%Portland Type II Cement-















































































67%FGD: 30%Class C fly ash:3 Portland Type II 
Cement-226.8 Kg Normal Load 
67%FGD:30%Class C fly ash:3%Portland Type II 
Cement-226.8 Kg Normal Load 
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67%FGD:30%Class C fly ash: 3%Portalnd 



























67%FGD:30%Class C fly ash: 3%Portalnd 



























67%FGD: 30%Class C fly ash: 3%Portalnd Type 




























67%FGD: 30%Class C fly ash: 3%Portalnd 












































































64%FGD:35%Class C fly ash:1%Portland Type II 
Cement-256.35 Kg Normal Load 
64%FGD:35%Class C fly ash:1%Portland Type II 
Cement-256.35 Kg Normal Load 
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64%FGD:35%Class C fly ash:1%Portland Type II 
Cement-435.59 Kg Normal Load 
64%FGD:35 Class C fly ash: %Portland Type II 
Cement-435.59 Kg Normal Load 
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64%FGD:35%Class C fly ash:1%Portland 
Type II Cement-635.03 Kg Normal Load 
64%FGD:35%Class C fly ash:1%Portland Type 
II Cement-635.03 Kg Normal Load 
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63%: 35%:2%-500 63%FGD:35%Class C fly ash:2%Portland Type II 
Cement-226.8 Kg Normal Load 
63%FGD:35%Class C fly ash:2%Portland Type II 
Cement-226.8 Kg Normal Load 
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63%FGD:35%Class C fly ash:2%Portland Type 
II Cement-435.59 Kg Normal Load 
63%FGD:35%Class C fly ash:2%Portland Type II 
Cement-435.59 Kg Normal Load 
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63%FGD:35%Class C fly ash:2%Portland Type II 
Cement- 635.03 Kg Normal Load 
63%FGD:35%Class C fly ash:2%Portland Type II 






















Cost  Estimate  Application For Stabilized Flue Gas Desulfurization Sludge (FGD) 
Briquette 
Welcome to this application. This economic analysis tool allows user to calculate the cost of stabilized FGD briquette in 
a FGD briquette plant with 4.5 million ton production capacity near the Cargill Fertilizer Inc., Riverview, Florida. 
The user can change following parameters (marked as blue):     
(1) Cost of Cement        
(2) Cost of fly ash        
(3) Water content of raw FGD       
(4) Disposal cost of FGD       
(5) Pay out period of capital cost      
(6) Interest for the loan of capital  cost      
(7) Annual inflation rate       
(8) Ingredient composition       
The calculation results (marked as violet) are shown in Tables 1 - 2 on sheet 3.     
The user can change the ingredient combinations (marked as blue) in the Table 1 - 2.   
        
Update of Crescent Technology Economic Analysis for Fabrication of FGD Composites   
Payout period (years)   10     
Interest rate/year     0.08     
annual inflation rate     1.025     
Inflation from 1996 to 2003   1.188685754     
        
ANNUAL CAPITAL COST       
        Capital costs from Crescent Technology report    $21,870,000.00   
        Modified materials blending facility to include Fly Ash    $  2,340,000.00   
        Total Capital Costs      $24,210,000.00   
        Inflation to 2003 dollars     $28,778,082.10   
        Annual Payment     -$3,971,095.24  
        
INGREDIENT COST        
        Cement cost/ton ($) in Tampa, Florida at 2003 80    $10,000,000.00   
        Flyash cost/ton($) in Tampa, Florida at 2003 18    $26,250,000.00   
        Additional Operating costs for Fly Ash (price*amount)     
        
OPERATING COST        
        Original Operating Costs from Crescent Technology report (CTR)   $22,860,000.00   
        Adjusted Operating Costs from CTR after removing cement cost   $10,480,000.00   
        Adjust for inflation      $12,457,426.70   
        
Total Costs       $48,707,426.70   
Annual Capital Costs      $  3,971,095.24   
Total Annualized Costs      $52,678,521.94   
        
FGD briquette cost/ton (US$)      $             11.71   
        
Water content 56       
Disposal cost ($/ton) 10       
        
Transportation         
cost ($/ton) 2       
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Table 1 Cost of Production of Flue Gas Desulfurization Sludge/Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 without factoring in the offsetting cost of FGD disposal and raw FGD water contents 
       
Cement      Fly    ash Content     
content 0.35 0.3 0.25 0.20 0.15 0.4 
0           10.32 
0.01 $10.22 $9.39        
0.02 $10.97 $10.13 $9.30 $8.47 $7.63  
0.03 $11.71 $10.87 $10.04 $9.21 $8.37  
0.04 $12.45 $11.61 $10.78 $9.95 $9.11  
0.05 $13.19 $12.35 $11.52 $10.69 $9.85  
       
       
Table 2 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$321.53 -$348.76 -$375.98 -$403.20 -$430.42  
0.03 -$315.52 -$342.74 -$369.96 -$397.18 -$424.40  
0.04 -$309.50 -$336.72 -$363.94 -$391.16 -$418.39  
0.05 -$303.48 -$330.70 -$357.92 -$385.15 -$412.37  
       
       
Table 3 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
 and the cost of transportation.     
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$319.53 -$346.76 -$373.98 -$401.20 -$428.42  
0.03 -$313.52 -$340.74 -$367.96 -$395.18 -$422.40  
0.04 -$307.50 -$334.72 -$361.94 -$389.16 -$416.39  
0.05 -$301.48 -$328.70 -$355.92 -$383.15 -$410.37  





Cost  Estimate  Application For Stabilized Flue Gas Desulfurization Sludge (FGD) 
Briquette 
Welcome to this application. This economic analysis tool allows user to calculate the cost of stabilized FGD briquette in a 
FGD briquette plant with 4.5 million ton production capacity near the Cargill Fertilizer Inc., Riverview, Florida. 
The user can change following parameters (marked as blue):     
(1) Cost of Cement        
(2) Cost of fly ash        
(3) Water content of raw FGD       
(4) Disposal cost of FGD       
(5) Pay out period of capital cost      
(6) Interest for the loan of capital  cost      
(7) Annual inflation rate       
(8) Ingredient composition       
The calculation results (marked as violet) are shown in Tables 1 - 2 on sheet 3.     
The user can change the ingredient combinations (marked as blue) in the Table 1 - 2.   
        
Update of Crescent Technology Economic Analysis for Fabrication of FGD Composites   
Payout period (years)   10     
Interest rate/year     0.08     
annual inflation rate     1.025     
Inflation from 1996 to 2003   1.188685754     
        
ANNUAL CAPITAL COST       
        Capital costs from Crescent Technology report    $21,870,000.00   
        Modified materials blending facility to include Fly Ash    $  2,340,000.00   
        Total Capital Costs      $24,210,000.00   
        Inflation to 2003 dollars     $28,778,082.10   
        Annual Payment     -$3,971,095.24  
INGREDIENT COST        
        Cement cost/ton ($) in Tampa, Florida at 2003 73.5    $  9,187,500.00   
        Flyash cost/ton($) in Tampa, Florida at 2003 25    $36,458,333.33   
        Additional Operating costs for Fly Ash (price*amount)     
OPERATING COST        
        Original Operating Costs from Crescent Technology report (CTR)   $22,860,000.00   
        Adjusted Operating Costs from CTR after removing cement cost   $10,480,000.00   
        Adjust for inflation      $12,457,426.70   
        
Total Costs       $58,103,260.03   
Annual Capital Costs      $  3,971,095.24   
Total Annualized Costs      $62,074,355.27   
        
FGD briquette cost/ton (US$)      $             13.79   
Water content 56       
Disposal cost ($/ton) 10       
        
Transportation         




 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 without factoring in the offsetting cost of FGD disposal and raw FGD water contents 
       
Cement      Fly    ash Content     
content 0.35 0.3 0.25 0.20 0.15 0.4 
0           12.91
0.01 $12.43 $11.28        
0.02 $13.11 $11.96 $10.80 $9.64 $8.48  
0.03 $13.79 $12.64 $11.48 $10.32 $9.16  
0.04 $14.47 $13.32 $12.16 $11.00 $9.85  
0.05 $15.16 $14.00 $12.84 $11.68 $10.53  
       
       
Table 2 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$319.39 -$346.93 -$374.48 -$402.03 -$429.57  
0.03 -$313.43 -$340.97 -$368.52 -$396.07 -$423.61  
0.04 -$307.47 -$335.02 -$362.56 -$390.11 -$417.65  
0.05 -$301.51 -$329.06 -$356.60 -$384.15 -$411.70  
       
       
Table 3 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
 
and the cost of 
transportation.     
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$317.39 -$344.93 -$372.48 -$400.03 -$427.57  
0.03 -$311.43 -$338.97 -$366.52 -$394.07 -$421.61  
0.04 -$305.47 -$333.02 -$360.56 -$388.11 -$415.65  
0.05 -$299.51 -$327.06 -$354.60 -$382.15 -$409.70  





Cost  Estimate  Application For Stabilized Flue Gas Desulfurization 
Sludge (FGD) Briquette 
Welcome to this application. This economic analysis tool allows user to calculate the cost of stabilized 
FGD briquette in a FGD briquette plant with 4.5 million ton production capacity near the Cargill 
Fertilizer Inc., Riverview, Florida. 
The user can change following parameters (marked as blue):     
(1) Cost of Cement        
(2) Cost of fly ash        
(3) Water content of raw FGD       
(4) Disposal cost of FGD       
(5) Pay out period of capital cost      
(6) Interest for the loan of capital  cost      
(7) Annual inflation rate       
(8) Ingredient composition       
The calculation results (marked as violet) are shown in Tables 1 - 2 on sheet 3.     
The user can change the ingredient combinations (marked as blue) in the Table 1 - 2.   
        
Update of Crescent Technology Economic Analysis for Fabrication of FGD Composites   
Payout period (years)   10     
Interest rate/year     0.08     
annual inflation rate     1.025     
Inflation from 1996 to 2003   1.188685754     
        
ANNUAL CAPITAL COST       
        Capital costs from Crescent Technology report    $21,870,000.00   
        Modified materials blending facility to include Fly Ash    $  2,340,000.00   
        Total Capital Costs      $24,210,000.00   
        Inflation to 2003 dollars     $28,778,082.10   
        Annual Payment     -$3,971,095.24  
        
INGREDIENT COST        
        Cement cost/ton ($) in Tampa, Florida at 2003 90.04    $11,255,000.00   
        Flyash cost/ton($) in Tampa, Florida at 2003 28.06    $40,920,833.33   
        Additional Operating costs for Fly Ash (price*amount)     
        
OPERATING COST        
        Original Operating Costs from Crescent Technology report (CTR)   $22,860,000.00   
        Adjusted Operating Costs from CTR after removing cement cost   $10,480,000.00   
        Adjust for inflation      $12,457,426.70   
        
Total Costs       $64,633,260.03   
Annual Capital Costs      $  3,971,095.24   
Total Annualized Costs      $68,604,355.27   
        
FGD briquette cost/ton (US$)      $             15.25   
Water content 56       
Disposal cost ($/ton) 10       
Transportation         
cost ($/ton) 2       
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Table 1 Cost of Production of Flue Gas Desulfurization Sludge/Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 without factoring in the offsetting cost of FGD disposal and raw FGD water contents 
       
Cement      Fly    ash Content     
content 0.35 0.3 0.25 0.20 0.15 0.4 
0           14.04
0.01 $13.58 $12.28        
0.02 $14.41 $13.11 $11.81 $10.51 $9.22  
0.03 $15.25 $13.95 $12.65 $11.35 $10.05  
0.04 $16.08 $14.78 $13.48 $12.18 $10.88  
0.05 $16.91 $15.61 $14.31 $13.02 $11.72  
       
       
Table 2 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$318.09 -$345.78 -$373.46 -$401.15 -$428.84  
0.03 -$311.98 -$339.66 -$367.35 -$395.04 -$422.73  
0.04 -$305.87 -$333.55 -$361.24 -$388.93 -$416.62  
0.05 -$299.75 -$327.44 -$355.13 -$382.82 -$410.51  
       
       
Table 3 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
 
and the cost of 
transportation.     
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$316.09 -$343.78 -$371.46 -$399.15 -$426.84  
0.03 -$309.98 -$337.66 -$365.35 -$393.04 -$420.73  
0.04 -$303.87 -$331.55 -$359.24 -$386.93 -$414.62  
0.05 -$297.75 -$325.44 -$353.13 -$380.82 -$408.51  




Cost  Estimate  Application For Stabilized Flue Gas Desulfurization Sludge (FGD) 
Briquette 
Welcome to this application. This economic analysis tool allows user to calculate the cost of stabilized FGD briquette in 
a FGD briquette plant with 4.5 million ton production capacity near the Cargill Fertilizer Inc., Riverview, Florida. 
The user can change following parameters (marked as blue):     
(1) Cost of Cement        
(2) Cost of fly ash        
(3) Water content of raw FGD       
(4) Disposal cost of FGD       
(5) Pay out period of capital cost      
(6) Interest for the loan of capital  cost      
(7) Annual inflation rate       
(8) Ingredient composition       
The calculation results (marked as violet) are shown in Tables 1 - 2 on sheet 3.     
The user can change the ingredient combinations (marked as blue) in the Table 1 - 2.   
        
Update of Crescent Technology Economic Analysis for Fabrication of FGD Composites   
Payout period (years)   10     
Interest rate/year     0.08     
annual inflation rate     1.025     
Inflation from 1996 to 2003   1.188685754     
        
ANNUAL CAPITAL COST       
        Capital costs from Crescent Technology report    $21,870,000.00   
        Modified materials blending facility to include Fly Ash    $  2,340,000.00   
        Total Capital Costs      $24,210,000.00   
        Inflation to 2003 dollars     $28,778,082.10   
        Annual Payment     -$3,971,095.24  
        
INGREDIENT COST        
        Cement cost/ton ($) in Tampa, Florida at 2003 85.2    $10,650,000.00   
        Flyash cost/ton($) in Tampa, Florida at 2003 29.38    $42,845,833.33   
        Additional Operating costs for Fly Ash (price*amount)     
        
OPERATING COST        
        Original Operating Costs from Crescent Technology report (CTR)   $22,860,000.00   
        Adjusted Operating Costs from CTR after removing cement cost   $10,480,000.00   
        Adjust for inflation      $12,457,426.70   
Total Costs       $65,953,260.03   
Annual Capital Costs      $  3,971,095.24   
Total Annualized Costs      $69,924,355.27   
        
FGD briquette cost/ton (US$)      $             15.54   
Water content 56       
Disposal cost ($/ton) 10       
Transportation         
cost ($/ton) 2       
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 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 without factoring in the offsetting cost of FGD disposal and raw FGD water contents 
       
Cement      Fly    ash Content     
content 0.35 0.3 0.25 0.20 0.15 0.4 
0           14.53
0.01 $13.96 $12.60        
0.02 $14.75 $13.39 $12.03 $10.67 $9.31  
0.03 $15.54 $14.18 $12.82 $11.46 $10.10  
0.04 $16.33 $14.97 $13.61 $12.25 $10.89  
0.05 $17.12 $15.76 $14.40 $13.04 $11.68  
       
       
Table 2 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$317.75 -$345.50 -$373.25 -$401.00 -$428.75  
0.03 -$311.68 -$339.43 -$367.18 -$394.93 -$422.68  
0.04 -$305.62 -$333.37 -$361.11 -$388.86 -$416.61  
0.05 -$299.55 -$327.30 -$355.05 -$382.80 -$410.55  
       
       
Table 3 Cost of Production of Flue Gas Desulfurization Sludge /Fly Ash/Cement pellets using 
 Different Percentages of Fly Ash and Cement Using 2003 cost figures  
 when factoring in the offsetting cost of FGD disposal by wet weight  
 
and the cost of 
transportation.     
       
Cement      Fly    ash Content     
content  0.35 0.3 0.25 0.20 0.15  
0.02 -$315.75 -$343.50 -$371.25 -$399.00 -$426.75  
0.03 -$309.68 -$337.43 -$365.18 -$392.93 -$420.68  
0.04 -$303.62 -$331.37 -$359.11 -$386.86 -$414.61  
0.05 -$297.55 -$325.30 -$353.05 -$380.80 -$408.55  
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